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ABSTRACT 


c*  q 

The  properties  of  the  low-lying  excited  states  in  Mn  were 
studied  by  measuring  gamma-ray  angular  distributions  and  lifetimes 
using  the  53C r (p ,ny) 5 3Mn  reaction.  In  this  reaction,  energy 
levels  of  53Mn  have  been  found  at  0.378,  1.288,  1.440,  1.619, 

2.272,  2. 405,  2.572,  2.670,  2.687,  2.705,  2.872,  2.876,  2.914, 
2.947,  3-005,  3.095,  3.125,  3.183,  3-193  and  3-250  MeV.  The 
measurement  of  gamma-ray  angular  distributions  and  yield  curves 
together  with  predictions  based  on  the  compound  nuclear  statistical 
model  have  enabled  new  spin  assignments  to  be  made  for  the  follow¬ 
ing  excited  states  in  53Mn:  2.272  MeV  (^-)  ,  2.572  MeV  (^-)  ,  2.687 

MeV  (|),  2.947  MeV  (j)  ,  3-005  MeV  (~)  .  The  spins  of  the  1.440 

1 1  9 

and  1.619  MeV  levels  were  confirmed  as  J  =  —  and  J  =  —  , 
respectively.  Multipole  mixing  ratios  and  branching  ratios  were 
determined  for  some  of  the  observed  transitions. 

Lifetimes  of  nine  excited  states  in  53Mn  have  been  measured 
using  the  Dopp ler-sh i f t  attenuation  method,  i.e.,  Ex  (MeV)  , 

T (ps)  =  1.288,  >  0.19;  1. WO,  0.21*°^  ;  1.619,  0.29^;°  '> 

2.272,  0.31--  ;  2.1)05,  0.12^  ;  2.572,  0.0<°;^  ; 

2.670,  0.10£“  ;  2.687,  0.072^;“  1  2-876,  0.065^;°^  . 

The  reduced  transition  probabilities,  B(M1)  and  B (E2 ) ,  derived 
from  the  measured  lifetimes  are  compared  with  intermediate¬ 
coupling  model  predictions.  Agreement  between  theory  and 


experiment  is  very  good. 

The  Nilsson  model  was  used  to  predict  energy  levels  of 
53Mn  without  taking  band  mixing  into  consideration.  The  results 
were  compared  with  the  experimental  levels  and  the  predictions 
with  band  mixing  of  Malik  and  Scholz.  In  both  cases,  with  band 
mixing  and  without  band  mixing,  the  theoretical  fit  to  experi¬ 
mental  results  is  fair  only  for  a  few  low-lying  levels. 

The  properties  of  the  low-lying  excited  states  of  51V  and 

r  o 

Mn  have  been  investigated  in  the  framework  of  the  intermediate¬ 
coupling  unified  nuclear  model.  Energy  levels  and  electromagneti 
properties  have  been  calculated  based  on  the  model.  In  general, 
the  results  are  found  to  be  in  good  agreement  with  the  experiment 
ally  observed  values  for  the  low-lying  excited  states. 

The  present  experimental  results  are  also  compared  with  the 


available  shell  model  calculations. 
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CHAPTER  I 


INTRODUCTION 

The  properties  of  the  low-lying  states  for  the  nuclei  with 
atomic  mass  A  in  the  regions  1 9~ 29  >  150-190  and  220  upwards  have 
been  successfully  explained  by  the  rotational  model  (Bo  52,  BO  53, 
Ni  55)-  In  particular,  identification  of  rotational  levels  in  the 
nuclei  ranging  from  19F  to  29Si  (Pa  56,  Sh  56,  Ra  57,  L i  58)  has 
prompted  investigation  of  the  nuclear  level  structure  of  light  and 
medium  weight  nuclei.  Outside  the  rotational  regions  and  excluding 
the  closed-shell  nuclei  with  magic  numbers  N  or  Z  =  2,  8,  20,  28, 
50,  82,  126,  there  are  the  vibrational  regions  (Br  60)  30  <  A  <  150 
and  190  <  A  <  220,  where  the  low  levels  of  many  of  these  nuclei  can 
be  described  by  the  surface-vibration  model.  The  point  at  which 
rotational  excitations  begin  is  astonishingly  definite  and  the 
structure  of  spectra  beyond  the  point  is  purely  rotational,  while 
the  transition  from  single-particle  excitations  to  vibrations  is 
not  clear-cut  and  it  is  quite  probable  that  no  level  structure  is 
either  exclusively  the  one  or  the  other  (El  66). 

According  to  the  shell  model,  53Mn  has  five  protons  in  the 

1  f _2_  shell  and  a  closed  neutron  ( N  =  28 )  shell.  From  the  point  of 

2 

view  of  the  collective  model,  53Mn  is  expected  to  lie  in  the 
vibrational  region  30  <  A  <  150,  where  an  odd-mass  nucleus  could 
be  described  by  coupling  one  nucleon  to  an  even-even  vibrating 
core.  An  investigation  of  the  53Mn  level  scheme  is,  therefore, 


. 

■ 

J  eUD.-qa  J9*ju5:nn;»* 

‘ 

' 


2 


of  interest  as  a  test  of  the  proton  configuration  in  the  shell  model 
and  as  an  application  of  the  collective  model  to  the  nucleus. 

Experimental  knowledge  of  decay  modes,  spins  and  parities, 
energies,  and  the  electromagnetic  properties  of  the  excited  states 
is  basic  to  any  theoretical  investigation  and  these  are  quantities 
which  must  be  known  before  comparisons  with  theoretical  models  can 
be  made.  The  properties  of  the  electromagnetic  transitions  connect¬ 
ing  the  nuclear  levels  provide  the  most  important  and  direct  test 
of  a  particular  nuclear  model  since  the  electromagnetic  matrix 
elements  obtained  from  the  above  properties  could  provide  a  direct 
and  accurate  test  of  the  nuclear  wave  functions  without  referring  to 
relatively  unknown  factors  related  to  nuclear  forces  or  nuclear 
reaction  mechanisms. 

The  53Cr  (p ,ny) 53Mn  reaction  is  one  of  the  most  useful  reactions 
for  investigating  the  electromagnetic  properties  of  the  excited 
states  in  53Mn,  since,  firstly,  it  yields  most  of  the  low-lying 
excited  levels  in  53Mn  at  the  corresponding  bombarding  energy, 
secondly,  the  6  MV  Van  de  Graaff  is  especially  suited  for  the 
investigations  of  the  excited  states  up  to  3  MeV,  and  thirdly, 
because  of  the  negative  Q-value  (-1.3804  MeV  for  the  ground  state) 
the  proton  bombarding  energies  could  be  chosen  just  above  threshold 
for  the  angular  distributions  so  that  analysis  in  terms  of  the 
statistical  compound  nucleus  is  appropriate. 

This  thesis  is  concerned  with  experimental  investigation  of 
the  electromagnetic  properties,  including  the  lifetimes  of  the 
excited  states  in  53Mn  through  the  5 3Cr  (p ,ny) 5 3Mn  reaction,  and 
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with  some  theoretical  approaches  to  the  53Mn  level  structure, 
including  the  intermediate  coupling  in  the  unified  model. 

Experimental  information  on  the  excited  states  in  53Mn  above 
2  MeV  is  scarce.  In  the  last  decade  a  number  of  experiments  have 
been  carried  out  to  obtain  the  level  positions,  angular  momentum 
transfers,  spectroscopic  factors  and  electromagnetic  properties  of 
lower  excited  states  in  53Mn  through  the  $+  decay,  the  (p,y) 
reaction,  the  (p,n)  and  (p,ny)  reactions  and  stripping  and  pick-up 
react i ons . 

From  the  3+  decay  studies  (Ju  59>  De  68)  and  the  microwave 

paramagnetic  resonance  hyperfine  structure  (Do  58),  spins  of  the 

ground  state  and  the  first  excited  state  were  found  to  be  and 
5~ 

—  ,  respectively,  and  the  magnetic  moment  was  determined  to  be 

|  y  (53Mn)  |  =  5*050  0. 07  n.m.  Juliano  e_t_  a  1 .  (Ju  59)  observed 

the  emission  of  a  gamma  ray  of  energy  380  KeV  and  positron  groups 

corresponding  to  the  ground  state,  the  first  excited  state  and  the 

second  excited  state  from  the  disintegration  of  53Fe. 

The  (p,y)  reactions:  Arnell  et  al .  (Ar  64,  St  65)  and  Vuister 

(Vu  66,  Vu  67)  extensively  investigated  the  level  properties  of 

53Mn  by  means  of  the  52Cr  ( p  ,y ) 53Mn  reaction.  In  these  investigations 

(Vu  66,  Vu  67),  the  spins  of  the  O.38  MeV  and  1.29  MeV  levels  were 
5  3 

assigned  as  and  ,  respectively.  The  multipole  mixing  ratio  of 
the  0.38  MeV  gamma  transition  obtained  was  6  =  -0.61  j^0.08.  Abzeid 
et^  aj_.  (Ab  70)  also  reported  the  multipole  mixing  ratios  for  gamma 
transitions  with  energies  of  910  keV  (61=  -0.09  ^0.06)  and  380  keV 
(62  =  -0.47  +  0.1)  from  the  triple  y-y  correlation  measurements  for 
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the  cascade  1290  +  380  ^  0  in  53Mn  through  the  52Cr (p ,y) 53Mn 
reaction.  More  recently,  some  properties  of  the  excited  levels 
in  5 3Mn ,  i.e.,  excitation  energies,  gamma-ray  branching  ratios, 
amplitude  mixing  ratios,  spins,  parities,  and  lifetimes  were 
reported  from  the  (p,Y)  reaction  by  Maripuu  (Ma  70).  In  this 
experiment,  the  spins  and  parities  of  the  excited  levels  in  53Mn 
were  assigned  as  follows:  O.38  (|*  )  ,  2.28  ( )  ,  2.41  (|-  )  ,  2.67 
(t),  2.69, (j  ) ,  2.88  (|),  2.91  (f  ),  3.10  (|-),  3.18  (\  )  and 
3.48  (j  ).  Lifetimes  for  some  of  the  excited  levels  in  53Mn  were 
also  measured  by  the  Doppl er-sh i f t  attenuation  method  using  thick 
52Cr  targets  such  that  the  slowing-down  of  the  53Mn  ions  takes  place 
in  the  52Cr  target  material.  Sparks  (Sp  71)  also  reported  a  decay 
scheme  and  branching  ratios  for  53Mn  from  the  (p,y)  reaction. 

The  stripping  reactions:  Okorokov  et  al .  (Ok  67)  investigated 

the  neutron  spectra  and  angular  distributions  in  the  (d,n)  reactions 

on  52Cr  at  =  11.7  MeV  using  the  plane  wave  analysis  to  examine 

the  assumption  that  the  low-lying  levels  of  the  odd  nuclei  in  this 

region  could  be  described  as  a  result  of  an  interaction  between  an 

odd  nucleon  and  the  excited  states  of  an  even-even  core,  and  could 

be  regarded  as  collective  (Be  61).  In  the  52Cr  (d,n) 53Mn  reaction, 

an  analysis  of  the  angular  distribution  for  the  first  group  of 

neutrons,  corresponding  to  capture  of  a  proton  in  the  ground  and 

first  excited  levels  of  53Mn,  which  were  not  resolved,  yielded 

£  =  3  (J  =  \  ,  —  ) .  The  second  group  of  neutrons  (£  =1)  was 

P  2  2  P 

observed  corresponding  to  the  second  excited  level  (1.29  MeV)  in 


w . 

■ 
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33Mn.  The  strong  neutron  groups  with  energy  at  2.42  MeV  were 

found  to  correspond  to  a  p-state.  No  states  with  high  spins 
119 

(—  ,—  )  which  were  observed  in  other  reactions  for  53Mn  appeared 
here,  suggesting  a  decrease  in  the  probability  of  capture  of  a 
proton  by  these  states  owing  to  the  large  transferred  and  to 
the  collective  nature  of  these  levels. 

O'brien  et  al .  (Ob  67)  investigated  the  proton  single-particle 
levels  of  the  N  =  28  nuclei,  51V,  53Mn  and  55Co  by  (t,d)  reactions 
at  Et  =  10,  11  and  12  MeV.  In  this  experiment,  it  was  found  that 
the  first  excited  state  at  385  keV  was  only  weakly  excited. 
Armstrong  (Ar  65)  et  al .  used  the  (x,d)  reaction  on  the  N  =  28 
nuclei,  48Ca,  51V,  52Cr  and  54Fe  at  ET  =  22  MeV  to  study  the  single 
proton  states  in  the  corresponding  residual  nuclei.  The  2.275  MeV 
level  in  53Mn  was  not  observed  and  the  0 . 3 83  MeV  level  was  very 
weakly  excited  in  this  52Cr  (t ,d) 53Mn  reaction.  Cujec  et  al . 

(Cu  69)  reported  energy  levels  in  53Mn  from  the  (T,d)  reaction  at 
Et  =  10  and  9*5  MeV.  By  a  systematic  study  of  level  positions, 

the  d 3  and  si  proton  hole  states  and  the  P3  spectroscopic  strength, 

T  7  2 

it  was  concluded  that  the  shell  model  (Me  64,  Au  67)  adequately 

describes  these  nuclei,  whereas  the  coriolis  strong-coupling  in 

the  rotational  model  (Ma  66)  fails  to  explain  the  observed 

splitting  of  the  P3  spectroscopic  strength. 

The  (a,t)  reaction  on  medium-weight  nuclei  was  reported  by 

Armstrong  £t_  aj_.  (Ar  67).  It  was  suggested  that  the  spins  and 

3~  1  ~ 

parities  of  the  2.40  and  2.69  MeV  states  are  tj"  and  » 
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respectively.  Cujec  et  a  1 .  (Cu  68,  Sz  70)  carried  out  the 
50Cr (ot,py) 53Mn  reaction  at  E  =10  MeV  and  assigned  the  following 

CL 

spins:  1.296  MeV  (|  ) ,  1.439  MeV  (j  or  -y) ,  1.606  MeV  (|  or  7j) , 

2.269  MeV  (2-  )  and  2.410  MeV  (|-  ). 

The  pick-up  reactions:  Newman  et  al .  (Ne  68)  investigated 
the  (d,x)  reaction  on  the  N  =  28  nuclei  at  =  34.4  MeV  to  obtain 
information  concerning  the  target  ground  state  wave  functions, 
the  single-particle  and  single-hole  states  of  the  final  nuclei. 

The  results  were,  in  general,  consistent  with  the  simple  shell 
model  considering  protons  outside  an  inert  48Ca  core,  while  for 


2 


54Fe  evidence  for  both  f^  and  p_3_  admi xtu res  were  noted  in  the 

2  2 

ground  state.  They  also  found  that  the  centroid  of  the  2s_i_ 

2 

subshell  is  at  lower  excitation  than  the  ldj_  shell  for  the  N  =  28 


2 

nuclei.  Proton  separation  energies  were  studied  from  the  (d,x) 
reaction  on  f-p  shell  nuclei  at  52  MeV  by  Mairle  et_  aj_.  (Ma  69). 
They  found  the  systematic  behaviour  of  the  binding  energies,  i.e., 

in  the  lower  f-p  shell  for  nuclei  with  A  <_  48,  the  25^  protons 

2 

are  on  the  average  more  tightly  bound  than  the  ldj_  protons,  and 

2 

the  reverse  is  true  for  A  >  48. 

Bassani  et  a  1 .  (Ba  62,  Ba  64,  Co  61)  investigated  the  (n,d) 
and  (p,t)  reactions  on  medium-weight  nuclei.  In  the  84  Fe  (n  ,d)  5  3Mn 
reaction,  Bassani  et^  a_l_.  (Ba  62)  observed  only  one  high  energy 
deuteron  group  corresponding  to  two  levels  of  53Mn,  that  is,  the 
ground  state  and  the  first  excited  state  at  0.39  MeV,  which  could 
not  be  separated.  The  result  of  the  DWBA  analysis  showed  that  the 
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first  excited  level  of  53Mn  must  have  spin  — ,  but  it  has  now  been 
established  to  be 

Glover  and  Jones  (G1  66)  investigated  proton  hole  states  in 

the  1 f 7  shell  of  51V  and  53Mn  by  means  of  the  52 Cr ( t ,a) 5 1 V  and 
7 


54 Fe (t ,a) 53Mn  reactions.  Here  angular  distributions  of  the  emitted 
a  particles  were  obtained  up  to  an  excitation  of  5*6  MeV  in  5 1 V 
and  up  to  3-0  MeV  in  53Mn.  Strong  £  =  0  and  £  *  2  transitions  were 
observed  at  a  low  (2  ~  3  MeV)  excitation.  There  was  also  good 
agreement  between  the  low-lying  states  of  53Mn  and  51V.  The 
similarity  between  51V  (3  proton  particles  in  the  fj_  shell)  and 


2 


53Mn  (3  proton  holes  in  the  shell)  spectra  shows  that  to  a 

2 

first  approximation,  53Mn  can  be  treated  in  a  (f7_)  3  representa- 

2 

t  i  on . 


Veje  et  al .  (Ve  64)  investigated  (p,a)  reactions  leading  to 
the  N  =  28  nuclei  in  51V,  53Mn,  55Co  and  52Cr  at  Ep  =  11  to  12.5 
MeV.  It  was  concluded  that  compound  nucleus  formation  plays  a 
major  role  in  the  observed  (p,a)  reactions.  Brown  et_  aj_.  (Br  66) 
reported  new  data  on  the  positions  of  the  energy  levels  of  53Mn 
with  the  56 Fe (p ,a) 53Mn  reaction. 

The  charge-exchange  reactions  :  From  the  5 3C r  (p , n) 5 3Mn  reaction, 
low-lying  excited  levels  in  53Mn  and  the  ground  state  Q.-value  were 
measured  by  many  authors  (St  52,  Jo  64,  Me  52).  Gorodetzky  et  a  1 . 

(Go  66,  Be  66)  studied  the  electromagnetic  properties  of  53Mn  from 
the  53Cr (p ,ny) 53Mn  reaction.  They  measured  the  half-life  of  the 
0.377  MeV  level  in  53Mn  by  the  del ayed-coi nci dence  technique  and 


. 
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found  t i  =  (1.17  +  0.06)  x  1  0 -1  0  sec.  From  angular  distribution 
T  ~ 

measurements,  plane  polarization,  and  gamma-gamma  angular  correla- 
tions,  the  following  spin  and  parity  assignments  were  made:  = 

Y  for  the  first  excited  state  at  O.38O  MeV  and  J27T  =  for  the 
second  excited  state  at  1.290  MeV. 

The  mechanism  of  (p,n)  reactions  on  some  medium  mass  nuclei 
at  Ep  =  6.8  MeV  were  investigated,  within  the  framework  of  the 
statistical  theory,  by  Dryapachenko  et_  a]_.  (Dr  68).  In  this  study 
it  was  shown  that  the  compound  nucleus  mechanism  is  predominant 
for  the  (p,n)  reaction  in  this  region. 

The  53Cr  (p,ny)53Mn  reaction  has  been  extensively  studied  by 
many  authors  (Me  52,  Ch  70,  Sa  67).  Saad  et  al .  (Sa  67)  performed 
the  n-yangular  correlation  measurements  for  the  53Cr  (p  ,ny ) 53Mn 
reaction  at  E^  =  2.3>  2.4  and  2.5  MeV.  The  experimental  results 
were  found  to  be  in  good  agreement  with  predictions  of  the 
statistical  compound  nucleus  theory  (Sh  66)  using  the  known  values 
of  the  spins  and  parities  of  the  ground  state  (J77  =  —  )  and  first 
excited  state  (J71  =  )  of  53Mn  and  the  multipolarity  mixing 

parameter  for  0 . 3  8  MeV  gamma  transitions  (6=  1.2  '). 

U  • 

More  recently,  studies  on  the  53Cr  (p ,n) 53Mn  reaction  by 
Tanaka  et_  aj_.  (Ta  70)  and  the  53Cr  (p  ,ny)  53Mn  reaction  by 
McEllistrem  e^  £l_.  (Me  70)  have  been  reported.  Tanaka  et  a  1  . 
used  the  t i me-of-f 1 i ght  method  to  measure  neutron  spectra  with 
53Cr  (p ,n) 53Mn  and  found  the  excited  levels  in  53Mn  up  to  an 
excitation  energy  of  4  MeV.  In  the  study  of  the  5 3Cr (p , ny) 3 3Mn 
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reaction  by  McEllistrem  et  al .  (Me  70),  levels  and  spins  of  53Mn 
have  been  found  to  be  377-5  (y)  ,  1288.4  (y)  ,  1440.1  (-y-)  and 
1619-1  (y)  keV.  Mixing  ratios  for  the  377-5  and  1 6 1 9 . 1  keV 
transitions  were  measured  and  found  to  be  -0.6  +_  0.3  and  "3-2  + 
0.8,  respectively.  Wiest  et  al .  (Wi  71)  also  reported  differential 
cross  sections  of  the  (p,n)  reactions  and  angular  distributions  of 
the  (p,ny)  transitions. 

A  summary  of  the  previously  measured  low-lying  levels  of  53Mn 
i s  shown  i n  tabl e  1 . 

Theoretically,  there  have  been  relatively  few  nuclear  model 
calculations  for  53Mn  (Ki  60,  Sh  63,  Me  64,  Ma  66,  Au  67,  Ra  69, 

Li  70).  The  calculations  have  been  limited  to  the  shell  model 
and  the  strong  coupling  rotational  model. 

According  to  the  shell  model,  in  all  nuclei  with  28  neutrons 
and  with  20  £  Z  £  28,  the  28  neutrons  form  an  "inert"  closed  shel 1 

and  the  protons  all  fill  the  fj_  shell,  one  of  these  protons  being 

2 

considered  as  the  test  particle  which  probes  the  structure  of  the 
wave  function. 

De-Shalit  (Sh  63)  calculated  energy  levels  and  spins  of 
nuclei  with  28  neutrons  and  with  20  <_  Z  <_  28  in  terms  of  the 

proton  configuration  (f7_)n,  and  in  the  case  of  53Mn,  the  levels 

2  - 

r  ■d  11 

and  spins  have  been  pred icted:  0.32  (y),  1.30  (y),  1.69  (—  ) , 

1 .97  (|  )  and  2.92  MeV  ). 

Similar  calculations  under  the  pure  configuration  assumption 
were  carried  out  by  McCullen  et  a\_.  (Me  64).  Spins  and  energy 
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Table  1 

A  summary  of  previously  measured  low-lying  levels 

of  53Mn  ( i n  MeV) . 


(p,y) 

Stripping 

Pi ck-up 

(p» 

n) 

St  65 

Vu  67 

Ma  70 

(T,d) 

Ob  67 

(a,py) 

Sz  70 

(t,a) 

G1  66 

(p>a) 

Ve  64 

(p  ,a) 

Br  66 

(p  >ny) 

Me  70 

(p,n) 

Ta  70 

0.376 

0.378 

0.378 

0.385 

0.378 

0.378 

0.383 

0.378 

0.379 

1  .293 

1  .290 

1.289 

1 .290 

1  .28 

1  .286 

1 .288 

1  .290 

1  .438 

1.43 

1  .438 

1  .440 

1  .440 

1  .617 

1  .60 

1  . 606 

1 .619 

1  .622 

(1 -91*) 

(1.96) 

2.26 

2.28 

2.275 

2.370 

2.271 

2.26 

2.269 

2.277 

2.413 

2.41 

2.405 

2.413 

2.404 

2.410 

2  *  39 

2.404 

2.410 

2.58 

2.573 

2.55 

2.572 

2.575 

2.673 

2.672 

2.678 

2.67 

2.672 

2.68 

2.689 

2.689 

2.690 

2.70 

2.708 

(2.839) 

2.720 

2.707 

2.707 

2.86 

2.876 

2.86 

2.873 

2.882 

2.882 

2.882 

2.880 

2.917 

2.91 

2.913 

2.914 

2.92 

2.944 

2.947 

(3.00) 

3.010 

3.010 

2.98 

3.010 

3.008 

3.061 

3.100 

3.10 

3.098 

3.104 

3.10 

3.109 

3.100 

3.127 

3-187 

3.182 

3.18 

3.183 

3.19 

3.193 

3.201 

3.251 

3.249 

. 

8*0.  £ 

levels  were  predicted  at  0.28  ( j  )  ,  1.3  (|-  )  ,  1-75  (-y-  ),  2.03 
9  1 5~ 

(—  )  and  3«1  MeV  (—•  ),  which  show  disagreement  with  the  observed 
values  of  energy  level  positions. 

Auerbach  (Au  67)  tried  the  mixed  proton  configuration  for  the 

48 

shell  model  calculations,  assuming  the  2QCa28  nucleus  to  be  an 
inert  core  and  the  extra  n-protons  outside  of  this  core  forming 

f 71"*  and  f 7*"1  ^ p3  configurations.  Since  Ml  transitions  are  forbidden 

7  2  2 

between  ( 1  f 7_) n  configuration  states  (Sh  63),  the  presence  of  such 

2 

transitions  experimentally  is  an  indication  of  configuration 
mixing. 

More  recently,  calculations  with  relatively  simple  configura¬ 
tion  mixing,  allowing  states  with  proton  configurations  of 

C 1 f 7 n  ^  2p3)  and  ( 1 f 7°  ^  1 f 5 )  as  well  as  the  pure  ( 1 f 7 ) R  configura- 
T  T  2  2  7 

tions,  were  performed  by  Lips  and  McEliistrem  (Li  70),  showing 

considerable  improvement  over  the  pure  configuration  model.  The 

strengths  calculated  with  the  real  Ml  operator  successfully 

reproduced  the  measured  value  for  the  ground  state  magnetic 

moment  of  53Mn.  However,  the  1.AA0  MeV  level  in  the  low-lying 

states  in  53Mn  could  not  be  reproduced  at  the  proper  position, 

and  the  E2/M1  mixing  ratios  and  branching  ratios  were  not 

successful . 

The  strong  coupling  rotational  model  has  been  applied  to 
53Mn  by  Malik  and  Scholz  (Ma  66),  but  was  not  successful  in  most 
cases  in  reproducing  the  experimental  data. 

In  the  present  work,  the  excited  states  of  53Mn  up  to  3  MeV 


K 
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excitation  energy  have  been  investigated  by  the  53Cr (p,ny) 53Mn 
reaction.  Angular  distributions,  yield  curves,  branching  ratios  of 
the  gamma  decay  of  each  level,  and  lifetimes  of  the  53Mn  levels  were 
measured.  The  Doppl er~sh i f t  attenuation  method  was  used  for  the 
lifetime  measurements.  The  angular  distributions  and  yield  curves 
were  then  compared  with  the  predictions  of  the  compound  nuclear 
statistical  model  (Sh  66).  The  comparison  yielded  the  level  spins 
and  multipole  mixing  ratios  of  the  several  transitions.  The 
measured  levels  and  electromagnetic  properties  of  5 3Mn  were 
compared  with  available  theoretical  calculations.  The  intermediate 
coupling  unified  model  has  been  applied  to  51V  and  53Mn  to  investi¬ 
gate  the  nuclear  structure,  the  properties  of  the  low-lying  excited 
states  of  those  nuclei,  and  the  similarity  in  the  level  structures 
of  two  nuclei . 


- 


CHAPTER  I  I 


GAMMA  -  RAY  ANGULAR  DISTRIBUTIONS 

2 . 1  Theory 

(a)  The  angular  correlation 

The  first  theoretical  study  of  the  angular  correlations  of  a 
cascade  of  gamma  rays  was  made  by  Hamilton  (Ha  kO) .  Since  then, 
the  theory  of  the  angular  correlations  has  been  further  developed 
and  established  in  its  present  form  by  many  authors  (B1  52,  Bi  53)* 

The  procedures  for  the  measurement  and  analysis  of  angular 
correlations  of  gamma  radiations  from  nuclear  reactions  were 
generalized  by  Litherland  and  Ferguson  (Li  61)  and  have  since 
been  applied  to  numerous  determinations  of  nuclear  spins  and 
mixing  ratios  of  nuclear  gamma-ray  transitions.  A  form  of  the 
general  gamma-ray  distribution  formula  particularly  suitable 
for  use  with  the  L i therl and-Ferguson  method  was  presented  by 
Poletti  and  Warburton  (Po  65).  Recently,  Rose  and  Brink  (Ro  67) 
have  given  the  angular  distribution  formulae  expressed  in  terms 
of  phase-defined  reduced  matrix  elements.  Therefore,  no  attempt 
will  be  made  in  this  thesis  to  derive  the  detailed  expressions 
involved  in  the  theory.  Instead,  the  principles  and  ideas 
involved  in  the  general  angular  distribution  formula  will  be 
stressed  including  the  limitations  encountered. 
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General  case 

The  probability  for  a  transition  from  a  state  | J iM x>  to  a 
state  | J 2 2 >  with  emission  of  a  circularly  polarized  photon  (circular 
polarization  quantum  q)  along  the  direction  of  is  given  by 
(Ro  67) 

W(Ji  -*■  J2i  q)  =  ( k./ 2i\f) )  \  B  (J^  P,y(cos0)  (-)q+Ji  J2+l  l  k 

KLL'tttt'  *  K 

x  (2 J !  + l)2  (LL'q-q  |  KO)  W  (J l J l LL 1 ; KJ2 ) 
x  q7T+'JTl  <j  i  ||  t<tt>  ||  j^>  <J!  ||  Tl<^'>  ||  J2>-,  (I  1.1) 

with 

Jl  1 
BK  (Jx )  =  l  u  (Mx)  (-)  J1"M1  (2JX  +  1 )  2"  (Jx  J1M1-M1 1  KO), 

Bq  (J  i )  =  1>  £  0)  (Mj)  =  l,  (11.2) 

Mi 

where  (LL'q-q  |  KO)  is  a  C 1 ebsch-Gordan  coefficient,  W  (J i J i LL 1 ; KJ2 ) 
is  a  Racah  coefficient,  <J  i  ||  T^TT>  ||  J2>  is  a  reduced  matrix  element 
for  a  multipole  operator,  to(Mi)  is  the  population  parameter  of  the 
substate  M^  There  are  restrictions  in  the  formula,  namely  (i) 
the  initial  state  has  definite  Ji  and  does  not  necessarily  have  to 
have  definite  parity,  (ii)  the  sum  runs  independently  over  all 
possible  L,  L1,  tt ,  it'  and  K,  where  K  can  be  odd  as  well  as  even, 
and  (iii)  the  allowed  (integer)  values  of  L,  L'  are  | J  i  “ J  2 1  £ 

L,  L'  <_  J  i  +  J  2  and  L,  L1  ^  0. 
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A1 i gnment  case 

The  nuclear  reaction  is  usually  of  the  form  A(a,b)B“,  where  A 
is  the  target  nucleus,  a  and  b  are  the  incoming  and  outgoing 
particles  respectively,  and  B*  is  the  residual  nucleus  left  in  an 
excited  state.  The  particles,  b,  leading  to  a  state  of  spin  Ji 
in  the  residual  nucleus  are  usually  detected  in  a  counter  located 
on  the  beam  axis.  The  angular  distribution  of  the  gamma  rays  from 
the  de-excitation  of  the  state  | J i>  is  measured  in  coincidence  with 
these  particles.  In  these  measurements,  the  beam  and  target  nucleus 
are  both  unpolarized  and  the  excited  states  of  B*  are  assumed  to 
have  definite  parity.  Under  these  conditions  and  the  condition  of 
cylindrical  symmetry  about  the  beam  axis,  the  state  | J i >  will  be 
aligned.  An  aligned  state  is  one  where  the  probability  of  popula¬ 
tion  of  the  magnetic  substate  with  projection  on  the  beam  axis 
is  the  same  as  for  -M  j  ,  i.e.,  to(Mi)  =  to  (-Mi). 

When  circular  polarization  is  not  observed,  the  angular 
distribution  of  gamma  rays  is  expressed  by  (Ro  67) 


W  ( 0 ) 


2 

( Ltt )  (L  1  77  1  ) 
K  even 


{BK(J1)RK(LLlJ1J2)6^7r>6L<1',>P|<(cose)} 


.  E 

K  even 


bk(ji)  kk 


(j  1 J2) 


pk  (cose) 


with 

6  <7T> 


<Jl  ||  T<^>  ||  J2>/(2L  +  1)2 
<Jl  ||T[<'B>||J2>/(2L  +  1)i-  ’ 


(11.3) 
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RK ( J 1 J  2  ) 


E 

(Ltt)  (L  'it  1 ) 


{Rk(LL  '  J1J2)6^7T>6Lf7T'>} 

I  l«L<1T>l2 

L 


Rk(LL'J1J2)  =  (-)1  +  J1  -J2+L'-L-K  {(2Jl  +  i)  (2L  +  1)  (2L'+1)}1 

X  (LL '  1  -  1  I  KO)  W  ( J i J i LU ' ;  KJ2)  ,  (11.4) 

Jl  j 

BK(Jl)  =  X  “(Ml)  (-)Jl’Ml  (2Jj  +  1)T  (J  lJ  iM1-M1 1  KO)  , 

M 1=  -Jl 


So  (Ji)  =  1  ,  l  “(Mj)  =  1  , 

Mi 

✓  m*  V  ““  “ 

where  6^  is  the  mixing  ratio  and  L,  tt  stand  for  the  lowest-order 
multipolarity  occurring  in  the  transition  Jj  -*  J2.  The  formula 
is  restricted  to  the  cases  (i)  Jj  and  J2  have  definite  parities, 
(ii)  the  sum  over  (Lit)  is  over  all  multipoles  consistent  with 
conservation  of  angular  momentum  and  parity.  The  allowed  values 
of  L,  L1  are  |  J  i  _  J  2 1  L »  l-1  <_(Ji+J2),  L,  L'  ^0,  and  (iii) 
the  sum  is  taken  over  even  values  of  K  only. 

B^J})  depends  on  the  nuclear  alignment  only  and  RK(J1J2) 
depends  only  on  quantities  which  characterize  the  nuclear 
t  rans i t ion . 

In  a  cascade  decay,  if  the  primary  transition  is  not  observed 
and  the  second  transition  is  observed  instead,  the  nuclear 


©Hj  li  gninuDOO  yjl  iel  »qi3  J(n 
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alignment  parameters  B^Jj)  must  be  replaced  by  BK(J1)  U  ( J  2 J  2) . 
The  distribution  formula  is  then  given  by  (Ro  67) 


w(e)  -  £  bk(Jj)  uk  (  j  j  J  2 )  rk  (J2J3>  pk  (cos0)  . 

K 


(11.5) 


wi  th 


UK(JlJ2)  = 


Z  (6l  )2  Uk  (lI2UiU2)/E  W,  )2, 

L 1 2  12  L 12  12 


UK(Li2J1J2)  =  (-)K 


W(J1J1J2J2;KL12) 

W(JjJjJ2J2;0L12) 


(11.6) 


(«.  ) 

L  1  2 


<J1  llTL12<1Tl2>ll  J2>/(2L12+  1)  2 


X  .  2 


<J  1 1 1  Tr  <Tfl2>||  J2>/(2Li2+  1) 
L12 


r 


where  Ji  -*•  J2  is  the  primary  transition  (with  Li2»  L1  i2)  unobserved 
and  J2  ->  J3  is  the  second  transition  (with  L,  L1)  observed. 

The  expression  of  the  angular  distribution  is  simplified  with 
a  specialization  to  the  most  common  in  practice  when  only  two 
multipoles  (L  and  L  being  the  lowest  order  multipoles  in  ascending 
order,  respectively)  contribute  to  the  transition  (Ro  67)  : 

{R,.(LLJ1J2)+26R1,(LLJ1J2)+62R1.(LLJ1J2)} 
w(e)  =  l  b  (j ! )  p  (cose)— - , 

K  K  K  0  +  62) 


(11.7) 
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wi  th 

<Jl  II T  <1T>  ||J2>/(2L+  1)f 
(S  ”™*  ^ 

<Jl  II  T^<TT>  ||J2>A2I  +  I)f  ’ 

Rk(LLJ!J2)  =  (-),+Jl'J2+i-'L'K{(2J1  +1)  (2L+1)  (2L  +  1)}T 

x  (LL  1  -  1  I  KO)  W  ( J ! J ! L L ; K J 2 )  , 

Jl  i 

BK(Jl)  =  y  w(M!)  (-)  Jl“Ml  (2JX  +  1)2  (JiJiMi-Mil  KO)  . 

M  =  -  J  ! 

In  a  cascade  decay,  similarly  U^(JiJ2)  is  given  by 
{U  (C12J1J2)  +  (6,  )2U  (Li2JiJ2)} 

Uk(JiJ2)  =  — - - •  (n.8) 

K  [1  +  («L12)] 

A  finite  sized  gamma-ray  detector  has  an  effect  on  the  dis¬ 
tribution,  i.e.,  it  simply  reduces  the  variation  of  counting 
rate  with  angle.  This  effect  can  be  accounted  for  by  inserting 
an  attenuation  coefficient  in  the  distribution  formula.  The 

(L  coefficients  are  tabulated  by  Rutledge  (Ru  59). 

K 

I n  genera  1,  all  magnetic  substates  with  |  M 1 1  <_  J  1  can  be 
populated  by  the  reaction  and  the  0)  (M  )  depend  critically  on 


the  reaction  mechanism  and  must  be  treated  as  unknowns.  When 


. 


the  particles  are  detected  on  axis  at  180°  (or  0°),  however, 
the  number  of  these  parameters  is  limited  because  the  orbital 
angular  momentum  has  zero  projection  along  the  direction  of 
motion  of  the  particle.  The  maximum  magnetic  substate  is  given 
by 

Mi  (MAX)  =  |SA|  +  |  S  |  +  |sj  ,  (II 

where  S^,  S  ,  and  are  the  spins  of  the  target  nucleus, 
incoming  and  outgoing  particle,  respectively. 

Both  the  experimental  and  theoretical  angular  distributions 
of  a  gamma  ray  de-excitation  of  a  residual  state  formed  in  a 
nuclear  reaction  can  be  expressed  in  terms  of  a  Legendre 
polynomial  series  of  0,  the  angle  made  with  the  beam  direction: 

W(e)exp  .  w(9>th  =  2  aKPK  (c0s6)  ("- 

K  even 

Therefore,  the  experimental  a  can  be  compared  with  the  theo- 

K 

retical  one, 

{ ( LL J  i  J 2 )  +26R„(LLJ1J2)  +  62R,.  (il[j  l  J2)  } 

aK  =  B  ( J  i )  - - - 5 - - - — •  01. 

K  K  1  +62 

to  determine  the  quantities  associated  with  the  properties  of 
levels  and  gamma-ray  transitions. 

In  the  x2  analysis,  gamma-ray  intensities  measured  at  a 
series  of  angles  V(0.)  are  to  be  compared  with  the  W(0.) 
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calculated  assuming  certain  spin  Ji,  mixing  ratio  6  and  popula¬ 
tion  parameters,  to(Mi).  The  goodness  of  fit  is  measured  by  the 

2 

value  of  X  »  defined  by 


1  I 

n  r 

i 


[Y (e . )  -  W(0.)]2 

E2(6j ) 


(11.12) 


where  E(0.)  is  the  uncertainty  assigned  to  the  gamma-ray  yield 
V (0. )  at  angle  0.,  and  n  is  the  number  of  degrees  of  freedom. 

The  value  of  n  is  given  by 

n  =  (no.  of  angles  taken  for  data)  -  (no.  of  substates  populated). 

A  plot  of  x2versus  S  will  then  show  dips  corresponding  to 
possible  solutions  for  at  least  one  set  of  the  allowed  spins. 


(b)  The  compound  nuclear  statistical  model 
The  compound  nucleus 

The  compound  nucleus  picture  was  first  proposed  by  Bohr 
(Bo  36)  and  developed  into  the  evaporation  model  by  Bohr  and 
Kalcker  (Bo  37) >  Bethe  (Be  37)  and  Weisskopf  (We  37)-  The 
early  compound  nucleus  theory  has  been  described  in  detail 
in  a  review  article  of  Bethe  (Be  37).  The  compound  nucleus 
process  can  be  briefly  described: 

In  the  nuclear  reaction,  the  incident  particle  passing 
between  two  nucleons  in  the  target  nucleus  must  interact 
strongly  with  them,  since  the  average  distance  between  the 


■ 
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nucleons  is  of  the  same  order  as  the  range  of  the  nuclear 
forces  and  the  nuclear  forces  are  very  strong  inside  their 
range  of  action.  The  incident  particle  will  therefore  lose 
part  of  its  energy  as  soon  as  it  strikes  the  surface  of  the 
nucleus,  by  transferring  it  to  the  nucleons.  Thus  the  initial 
energy  of  the  incident  particle  will  be  distributed  among  all 
the  particles  of  the  system,  "compound  nucleus",  consisting  of 
the  original  nucleus  and  the  incident  particle.  After  a 
comparatively  long  time,  the  energy  may  again  be  concentrated 
by  accident  on  one  particle,  so  that  this  particle  can  escape. 

Therefore,  the  nuclear  reaction  can  primarily  be  described 
by  the  scheme: 


1 nc i dent 

4- 

1  nc i dent 

-> 

Compound 

-> 

Final 

(Outgoing 

nucleus 

V  / 

■ 

part i cl e 

nucleus 

nucl eus 

k  > 

[part i cl  e 

The  early  evaporation  model 

The  evaporation  model  first  proposed  by  Bethe  (Be  37)  and 
Weisskopf  (We  37)  was  fully  developed  into  a  rough  workable 
model  as  described  by  Blatt  and  Weisskopf  (B1  52a). 

As  mentioned  before,  the  compound  nucleus  model  divides  the 
nuclear  reaction  into  two  events.  The  first  is  the  formation  of 
a  compound  nucleus  in  a  well-defined  state  in  which  the  incident 
energy  is  shared  among  all  the  constituents;  the  second  is  the 
disintegration  of  that  compound  system,  which  can  be  treated  as 
independent  of  the  first  stage  of  the  process. 


, 


■ 

. 
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The  compound  nucleus  has  some  analogy  with  the  thermo¬ 
dynamical  processes.  The  energy  stored  in  the  compound  nucleus 
can  be  compared  with  the  heat  energy  of  a  solid  body  or  a  liquid, 
and  the  subsequent  expulsion  of  particles  is  analogous  to  an 
evaporation  process. 

The  compound  nucleus  process,  c  c*  ■+  c 1  ,  is  assumed  to 
have  an  average  cross  section, 


a  . 

cc 


[a 

comp 


(c)]  [-§4  . 


(11.13) 


where  c  stands  for  the  initial  pair  of  particles,  c*  the  compound 


nucleus,  and  c1  the  final  reaction  products.  O  (c)  depends 

comp 

only  on  c  and  is  called  a  cross  section  for  the  formation  of  the 

compound  nucleus.  G^, / G  depends  only  on  c1  and  is  called  a 

branching  ratio.  G  is  a  sum  of  the  factor  G  ,  over  all  the  pairs 

c 

of  reaction  products  available  to  the  compound  nucleus,  i.e., 

G  =  Ic,|Gc,,.  This  is  an  expression  of  the  independence  of  forma¬ 
tion  and  decay  of  the  compound  nucleus,  which  is  frequently 


referred  to  as  the  Bohr  assumption. 

o  “ 

By  the  reciprocity  theorem,  k  O 

C  C  C 

cross  section  is  given  by  (Vo  68) 


2  “ 

=  k  ,  a  i  ,  the  average 

c  CO 


cc 


=  a  (c) 
comp 


k2,  O  (c ' ) 
c  comp 


I 

_i  i 


k2 


ii  a  (c") 
c  comp 


(l l  .1*0 


where  k  is  the  wave  number  for  the rel at i ve  mot  ion  of  the  pa i r  c 
c 


* 


'  iw 

■ 


■- 


23 


There  are  two  major  defects  in  the  early  evaporation  theory: 


(i)  the  cross  section  formula  lacks  conservation  of  total 


angular  momentum  and  parity,  and  (ii)  it  does  not  exhibit  the 
giant  resonances  which  are  one  of  the  dominant  features  of  the 
interaction  between  a  nucleon  and  a  nucleus. 

The  Hauser-  Feshbach  model 

The  early  evaporation  model  can  be  defined  on  the  basis  of 
conservation  of  total  angular  momentum  (and  parity)  and  of  con¬ 
sideration  of  absorption  cross  section  with  the  optical  model. 

Hauser  and  Feshbach  (Ha  52),  following  suggestions  by 
Wolfenstein  (Wo  50*  first  added  conservation  of  total  angular 
momentum  and  parity  to  the  neutron  cross  section  of  the  old 
theory  and  established  the  compound  nuclear  statistical  theory 
in  the  present  form,  which  is  often  referred  to  as  the  Hauser- 
Feshbach  model,  after  the  authors.  The  Hauser  -  Feshbach  model 
has  been  described  in  detail  in  a  review  article  by  Vogt  (Vo  68). 

Hauser  and  Feshbach  assumed  that  the  probability  of  decay 
of  the  compound  nucleus  yielding  a  neutron  of  given  orbital 
angular  momentum  £  is  a  function  of  the  transmission  coefficient 


T*  (a)- 


In  the  Hauser  -  Feshbach  model,  the  average  cross  section 
may  be  written  (Vo  68) 


a 


aa1 


(21  +  1) (2i  +  l) 


2J  +1 


i 
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where  the  unprimed  quantities  refer  to  the  incoming  channels 
of  the  reaction,  the  primed  quantities  refer  to  the  outgoing 
channels,  and  the  double  -primed  quantities  in  the  denominator 
are  summed  over  all  channels  into  which  the  compound  nucleus 
can  decay,  a  labels  the  pair  of  particles  and  their  state  of 
excitation,  I  and  i  are  the  intrinsic  spins  of  the  pair  of 
particles  a,  s  is  the  channel  spin  (s  =  I  +  i),  £  is  the 
orbital  angular  momentum  of  the  pair,  J  is  the  total  angular 
momentum  (j  =  £  +  s).  (a)  are  called  transmission  functions 

and  are  given  by  the  opt i cal -model  phase  shifts  6a£  of  the  pair  a 

p  n  is  the  total  parity:  the  pro- 

(a)  E  1  -  | e  '  | 2  .  duct  of  (-)^  with  the  intrinsic  (11.16) 

parities  of  the  pair  a. 

The  differential  cross  section  is  given  by  (Vo  68) 


da 


aa 


d  ^ 


l 

jn 


_ i _ 

(21  +1)(2i  +  1) 


(11.17) 


X 


(a1 ) 


"T£" 


Z  (£J£J  ;  sL) Z  (£ 1 J£ 1 J ; s ' L) (-)S"S 


x  (cosG)  , 

where  the  Z's  are  the  Z  coefficients  of  Blatt  and  Biedenharn  (B1  52). 

In  eq .  (11.17)  all  interference  of  incoming  partial  waves  with  each  other 
and  of  outgoing  partial  waves  with  each  other  are  ignored;  the  lack  of 


25 


interference  has  a  direct  consequence  on  the  shape  of  the  average 

angular  distributions  which  are  symmetric  about  90°.  This  property  is 

manifested  through  the  coefficients  Z(£j£j;sl_),  which  vanish  unless  L  is 

even.  The  sums  of  eqs.  (II. 15)  and  (11.17)  run  over  the  following 

values:  J  =  0,  1,  2  .  .  .  if  the  compound  nucleus  has  even  mass  number 

1  3  5 

and  J  =  — ,  — ,  —  .  .  .  otherwise;  I  -  i  s  ( i  nteger)  <_  I  +  i  ;  |  J  -  s  |  <_  £ 
(even)  £  |j  +s|  if  the  pair  a  has  the  same  parity  as  H  and  |j  -s| 

£  (odd)  <_  |j  +  s|  otherwise. 

The  gamma-ray  angular  distributions 

The  angular  distribution  of  gamma  rays  following  a  nuclear  reac¬ 
tion  based  on  the  Hauser-Feshbach  theory  was  first  derived  by  Satchler 
(Sa  5^,  Sa  56)  and  emended,  with  inclusion  of  the  effect  of  spin-orbit 

interactions,  by  Sheldon  (Sh  63a,  Sh  66). 

Sheldon  replaced  the  standard  transmission  coefficient  T^  by  the 

generalized  penetrability  T0  .  under  consideration  of  the  spin-orbit 

£J 

interaction  in  the  optical  potential  (Sh  67,  Sh  69): 


£ 


[(J.+1)  Tj,  (+)  +  i  T£()] 
2£  +  1 


(11.18) 


where  the  superscript  (±)  labels  the  value  of  j  according  as  J  = 

£  ±  ^  .  The  theory  of  the  gamma-ray  angular  distributions  based  on  the 
compound  nuclear  statistical  model  has  been  described  in  detail  in  a 
review  article  of  Sheldon  and  van  Patter  (Sh  66). 

Assume  the  reaction  A(a,b)B*  proceeds  in  two  steps:  first  forma¬ 
tion  of  the  compound  nucleus  C* ,  a  state  |JX>  with  definite  angular 
momentum  and  parity,  then  decay  by  emission  of  a  nucleon  b,  leading  to 
a  state  \^2>  ' n  the  residual  nucleus  B*  (see  Fig.  1). 


< 


i  a  -v  >rti  i  ■}  - 1  L'c  Ij^nadv 
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Fig.  1 

A  schematic  diagram  of  the  (p,ny)  reaction  process. 


Under  the  alignment  conditions  that  (i)  neither  the  beam  of 
incident  particles  nor  the  target  nuclei  are  polarized,  (ii)  the 
beam  direction  is  chosen  as  the  quantization  axis  (z-axis),  and 
(iii)  the  outgoing  particles  are  assumed  to  have  s-waves  (&  =  0), 
the  substates  in  C*  are  populated  up  to  I m l  I max  =  Jo  +  sl  anc* 
for  the  residual  nuclear  state  B* ,  I m2 I max  =  (Jo  +  si)  +  s2* 

The  general  expression  for  a  differential  cross  section  is 
given  as  a  Legendre  polynomial  expansion  of  even  order: 


dQ  =  l  aK  PK  (cose)  •  (11-19) 

K 

For  the  (a, by)  process,  the  predicted  angular  distribution 
for  a  gamma-ray  transition  of  mixed  multipolarity  L,  L'  with  a 
mixing  ratio  6  is  given  by  (Sh  69) 
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^7  “  V  ^  (-)Jo+J3  S1  J'2  1(2J1  +  1)2  (2H  !+1 )  (2j  !  +  1 )  (2J2+1) 

j  1  j  2  K 


x  (2J0+1 ) ” 1  (2s1+l)“1  <K0|£1£100> 


x  W (£  i  j  i  j  i ;  Ks  ! )  W  (j  i  j  i  J  i J  i ;  KJ  q)  w  (J  lvJ  ^  J2J2  ;Kj  2) 


M([l)  +  26M(LL)  +  62M(LL) 

1  +62 


Vei)-t£?(e2) 

E  VE) 

£jE  * 


(cosQ) 


(I  I .20) 


w  i  th 


M(lL)  =  /(2L  +  1  )  (2L  +  1)  <K0  |  LL  1  -  1>  W(J2  J2  L2  L2  ;  KJ3  ) 
T  (E)  =  fe-H)  T£(+)(E)  +  ITa  <~>(E) 

u  +  1 

<J  3  ||  L  1 1  j 2> 

5  "  <J  3  II  L  II  J2> 


where  K  is  restricted  to  0  <_  K  <  2 j  ^ ,  2J1#  2J2 ,  2L, 
c J  3 1 1  L  |j J2>  is  a  reduced  matrix  element  proportional  to 
multipole  amp  1 i tude ,  X  i s  a  rationalized  de  Broglie  incident 
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wavelength,  X  =  ; ■ ■  ,  and  L,  L  are  the  lowest  order  multi- 

/2MTET 

poles  in  ascending  order,  respectively. 

The  angular  distribution  formula  can  be  expressed  in 
terms  of  the  notation  of  Rose  and  Brink  (Ro  67).  The  R^(LLJ2J3) 
coefficient  is  given  by  (Ro  67) 

Rk(LLJ2J3)  =  (-)'+J2-j3+L-L-k  {(2J2  +1)(2L  +  1)(2L  +  1)}2 


x  <K0|[L  1  -  1>  W  (J2J2LL;KJ3)  , 
since  L  =  L  +1  and  K  =  even  , 

=  (-)J2'J3{(2J2+  1)(2L  +  1)(2L+  1)}2 

x  <K0 1  [L  1  -  1>  W  (J2J2LL;KJ3)  (11.22) 

Therefore,  M(LL)  is  expressed  in  terms  of  R^ ( LL J  2 J  3 )  by 
M (LL)  =  {(2[+  1)  (2L+  1)}2  <K0 1  LL  1  -  1  >  W  (J2J2LL;KJ3) 

=  (-)J3‘J2(2J2+  i)2  Rk(LLJ2J3).  (11.23) 


Substituting  M(LL)  in  the  angular  distribution  formula, 


2  (-) J °"J2_S 2" 1 (2J 1+  1  )2  (2£ !  +  l ) (2J !  +  1 ) (2J2+1 ) 2 

d^  4  .  .  .. 

J  1J2K 


, 


X 


(2J  o  +  1 )  ~ 1  (2s !+ 1 )"  1  <K0|  21£100>  W  j  1  j  1 ;  Ks ! ) 


x  W  (j  ij  l J  l J  i  J  KJ o )  W  (J1J1J2J2;  Kj 2) 

Rk(LLJ2J3)  +26  RK([U2J3)  +  62Rk(LLJ2J3) 
x  - 

V£l>  •  T£2 
E  T  (E) 

£  j  E 

Although  the  compound  nucleus  picture  is  an  old  one,  it  has 
been  adapted  surprisingly  well  to  modern  ideas  about  the  nucleus 
and  has  developed  into  one  of  the  most  reliable  quantitative 
tools  we  have  in  nuclear  physics. 

The  CN  statistical  model  of  Sheldon  and  van  Patter  can  be 
used  to  analyze  angular  distributions  following  reactions  of  the 
forms  (p,ny),  (oi,ny),  (p,p'y)  and  (n,n'y).  To  fulfill  the 
condition  £2  =  0>  the  energy  of  the  outgoing  particle  must  be 
near  zero;  this  can  be  arranged  by  suitably  selecting  the 
bombarding  energy  to  produce  the  reaction  near  threshold.  Since 
this  approach  requires  only  an  angular  distribution  measurement 
rather  than  angular  correlation  and  coincidence  data,  it  has  the 
advantage  of  experimental  simplicity. 


(E2) 


pk  (cose) 


(i 


' 


30 


2.2  Experimental  Method 

(a)  Apparatus 

The  experiments  were  performed  with  protons  from  the 
University  of  Alberta  5-5  MV  Van  de  Graaff  accelerator. 

Thick  targets  were  prepared  by  mixing  an  enriched 
(<0.05%  50C r ,  l.bh%  52Cr,  36.  b%  53Cr  and  0.18%  54Cr)  Cr203 
powder  into  a  glue  formed  by  dissolving  polyurethane  in  benzene 
and  applying  the  viscous  mixture  to  a  tantalum  backing. 

The  target  chamber  was  a  5  cm  diam.  cylindrical  piece  of 
lucite  faced  at  60°  to  the  beam  direction;  the  beam  entered  the 
target  chamber  through  a  1.35  cm  diam.  aperture.  A  thin 
aluminum  plate  at  the  back  of  the  target  served  as  a  charge 
collector.  The  target  chamber  is  described  in  Fig.  2. 

Gamma  rays  were  detected  in  a  43-8  cc  Ge  (Li)  crystal  for 
the  angular  distribution  measurements  and  in  a  15  cc  Ge  (Li) 
crystal  for  the  yield  curve  measurements. 

The  gamma-ray  pulses  from  a  Ge(Li)  detector-pre-amplifier 
assembly  were  amplified  in  a  main-amplifier  and  then  sent  into 
an  analog-to-d i gi tal  converter  (ADC),  and  thence  to  the  on-line 
SDS  920  computer  equipped  with  display. 

(b)  Detection  efficiency 

The  Ge(Li)  detector  must  be  calibrated  for  detection 
efficiency  before  analysis  of  the  experimental  data,  in 
particular,  the  branching  ratio  analysis. 
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Fig.  2  The  target  chamber. 
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The  relative  detection  efficiency  (Ch  70a)  of  Ge(Li)  detectors 
was  obtained  by  a  pair-point  method  using  the  56Co  source  whose 
gamma-ray  relative  emission  rates  have  been  well  measured  (Ma  68). 

The  56Co  source  is  of  great  useful  ness  in  efficiency 
calibration,  since  it  has  many  lines  with  known  relative 
intensities  distributed  over  a  wide  energy  range.  The  values 
of  gamma-ray  energies  and  gamma-ray  emission  rates  of  56Co  were 
taken  from  a  table  by  Marion  (Ma  68).  A  typical  spectrum  of 
56Co  is  shown  in  Fig.  3. 

The  relative  full-energy  peak  detection  efficiency  is  given 
by  (Ch  70a) 


e  (E ! ,  E2,  d) 


A(Ei,d)  ,  _|_2  #  a(E2,d) 

A (E2 ,d)  1 1  a(El»d)  ’ 


(II .25) 


where 


E 

I 

A 

d 

a(E,d) 


Gamma-ray  energy 

Gamma-ray  emission  rate/sr 

Number  of  counts  in  a  full-energy  peak 

Distance  from  the  source  to  detector 

Attenuation  factor  representing  the  effects  of 

absorbing  layers  between  the  source  and  detector. 


A(EX  ,d) 

As  in  the  usual  case,  if  the  ratios,  A'(E*"'dy  >  are  assumed 
to  be  independent  of  d  in  the  range  under  investigation,  the 
relative  full-energy  peak  detection  efficiency  of  a  gamma-ray 


A  typical  gamma-ray  spectrum 
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Fig.  k 


Relative  full-energy  peak  efficiency  curve  for  the 
Ortec  43.8  cc  Ge(Li)  detector. 
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Fig.  5  Comparison  of  the  shapes  of  the  relative  full- 
energy  peak  efficiencies  for  the  three  Ge(Li) 
detectors . 
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energy  E.  to  the  common  reference  gamma-ray  energy  E 


e  (E . ,  Eq) 


A(E.) 


(II .26) 


without  any  absorbing  layer  between  the  source  and  detector. 

The  846.76  keV  peak  of  56Co  was  chosen  as  the  common 
reference  peak  with  which  pairs  of  gamma-rays  were  formed.  A 
typical  relative  efficiency  curve  for  a  Ge(Li)  detector, 

43.8  cc  (Ortec)  is  shown  in  Fig.  4  and  the  shapes  of  the 
relative  efficiency  curves  for  three  Ge  (Li)  detectors,  43.8  cc 
(Ortec),  32.6  cc  (Ortec)  and  6  cc  (home  made)  are  compared  in 
Fig.  5. 

(c)  Gamma-ray  absorption  corrections 

Corrections  were  applied  to  account  for  absorption  of  the 
gamma-ray  in  the  target  background  materials  (i.e.,  Ta  and  A1 ) 
whose  effective  thickness  varies  with  the  y-detector  position. 
Absorption  corrections  were  found  to  be  necessary  for  the 
gamma- rays  below  1.5  MeV. 

The  intensity  of  the  gamma-ray  decreases  as  it  passes 
through  material  in  such  a  way  that  for  a  small  thickness  Ax, 
the  change  in  intensity  Al  is  proportional  to  the  thickness  and 
to  the  incident  intensity  I  (Da  52): 


I/I 


o 


Al 


-  p  I  Ax 


or 


(n.27) 


. 


. 
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where  y  is  known  as  the  absorption  coefficient. 

The  total  absorption  coefficient,  y,  is  composed  of  three 
partial  cross-sections  of  gamma-ray  interaction  with  matter, 
Compton  a,  photoelectric  T,  and  pair  production  K,  where  y  = 
o  +  x  +  k.  Fig.  6  shows  the  curves  for  the  total  absorption 
coefficients  plotted  against  gamma-ray  energies  using  available 

data  (Da  52,  A1  70,  Da  66)  for  Ta ,  A1 ,  Pt  and  Pb  in  unit  of 

-1 

cm 

(d)  Yield  curves,  branching  ratios  and  angular  distributions 
The  energy  calibration  was  made  with  56Co,  22Na  and  60Co 
sources,  and  also  the  known  lines  in  the  53Mn  spectrum  below 

2  MeV  excitation  energy.  Levels  were  identified  by  the  appearance 
of  a  new  gamma-ray  in  the  spectra  as  the  bombarding  energy  was 
increased  above  threshold  for  that  level.  The  contaminants 

were  mainly  due  to  the  72/71+Ge  (n  ,n ’y)  ,  52  /  53Cr  (p  ,p  'y)  reactions. 

A  28Si  contaminant  was  also  present. 

The  branching  ratios  were  measured  at  55° •  Gamma-ray 
yield  curves  were  measured  in  the  proton  energy  range  from 

3  MeV  to  5  MeV  in  200  keV  steps.  The  proton  bombarding  energies 
for  the  angular  distributions  were  chosen  close  to  threshold 
for  the  states  under  investigation.  The  angular  distributions 
were  measured  at  angles  of  0°,  30°,  45°,  60°  and  90°  with 
respect  to  the  beam  direction  at  several  proton  bombarding 
energies  between  3-78  and  5*00  MeV.  The  measurement  at  each 
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Fig.  6  Gamma-ray  total  absorption  coefficients. 
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angle  required  typically  about  four  hours  and  was  repeated  at 
least  once.  The  intense  0.378  MeV  transition  from  the  first 
excited  state  was  used  as  a  monitor  peak  for  the  angular 
distribution  measurements. 

2.3  Method  of  Analysis 

(a)  Yield  curves 

The  absolute  cross  section  (Ha  52)  for  population  of  the 
decaying  level  via  a  compound  nuclear  reaction  is  directly 
related  to  its  spin  (and  parity)  J  .  Measurements  of  the  change 
in  cross  section  as  a  function  of  proton  energy  will  yield,  in 
practice,  some  information  about  spins  of  the  levels  in  53Mn, 
since  the  detailed  shape  of  the  yield  curve  can  depend  on  the 
value  of  J  .  The  predicted  cross  sections  were  calculated  and 
compared  with  experimental  distributions. 

(b)  Gamma-ray  angular  distributions 

The  spectra  at  each  angle  were  analyzed  with  a  peak-fitting 
program  (Te  66).  The  angular  distributions  were  fitted  to  a 
Legendre  expans  ion,  W(0)  =  A  q(  1  +  a  2^2  (cos0)  +  a4P4  (cos0) )  using 

the  method  of  least  squares.  The  experimental  values  of  a2  and 
a4  coefficients  were  compared  with  the  predicted  values  of  the 
compound  nuclear  statistical  model  (Sh  66)  for  various  spin 
sequences  and  multipole  mixing  ratios.  The  predicted  a2  and  a4 
coefficients  were  calculated  using  a  computer  code  MANDY  (Sh  66). 


. 


** 
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The  proton  and  neutron  transmission  coefficients  required 
in  the  statistical  model  analysis  were  obtained  from  a  Hauser- 
Feshbach  (Ha  52)  calculation  using  the  Perey  (Pe  62)  proton 
optical  model  parameters  and  the  Rosen  (Au  62)  neutron  para¬ 
meters.  A  quantitative  comparison  between  the  predictions 

r\ 

and  the  experimental  data  was  made  using  a  x  analysis  (Gr  70). 
Combinations  of  spin  and  mixing  ratio  were  rejected  if  x2 
exceeded  the  0.1%  confidence  limit.  The  Rose  and  Brink  (Ro  67) 
sign  convention  for  the  mixing  ratio  6  was  adopted. 

2.4  Experimental  Results 

Typical  gamma-ray  spectra,  singles  and  coincidence,  are 
shown  in  Figs.  7  and  8.  The  spectrum  in  Fig.  7  shows  the 
relative  intensities  of  the  excited  states  of  53Mn  and  other 
peaks  from  (p,p'y)  and  (n,n'y)  reactions  on  52/53Cr,  28Si  and 
72/7t+Ge,  respectively.  All  excited  levels  in  53Mn  up  to  3*250  MeV 
which  were  found  in  the  (p,n)  experiment  (Ta  70)  appear  in  this 
spectrum.  The  Legendre  polynomial  coefficients  obtained  for 
the  present  gamma-ray  angular  distributions  are  given  in 
table  2.  Summaries  of  all  the  angular  distribution  results 
and  a  decay  scheme  are  given  in  Fig.  9*  The  yield  curves 
measured  at  90°  and  their  comparison  with  theoretical  curves 
are  shown  in  Figs.  10  and  11.  Angular  distributions  of  all 
the  gamma-ray  transitions  observed  are  shown  in  Figs.  21  to 


23. 


A  gamma-ray  spectrum  at  55°  for  the  53Cr  (p,ny) 53Mn 
reaction,  Ep  =  5-20  MeV.  Single  primes  and  double 
primes  denote  single  escape  peaks  and  double  escape 
peaks  of  the  corresponding  gamma-rays,  respectively. 


RELATIVE  YIELD  RELATIVE  YIELD 


CHANNEL  NUMBER 


A  spectrum  of  gamma-rays  in  coincidence  with  neutrons 
detected  at  1 80°  from  the  beam  direction. 
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Fig.  9  A  summary  of  branching  ratios,  spin  assignments 
and  the  excited  state  levels  of  53Mn  below 
3.25  MeV.  The  spin  assignments  include  our 
measurements  as  well  as  all  previously  available 
i n format i on . 
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Fig.  10  Yield  curves  at  90°  for  the  gamma-ray  transitions 
in  53Mn  at  the  bombarding  energies,  =  3*0  MeV 
to  5.0  MeV. 
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Ep(M.V) 


Yield  curve  analysis  based  on  the  compound  nuclear 
statistical  model  for  the  2.687  -►  0.0  MeV  and 
2.272  ->■  0.378  MeV  transitions  in  53Mn. 
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Table  2 


Legendre  coefficients,  a2  and  a4  of  the  angular  distributions 
of  gamma-rays  de-exciting  levels  of  53Mn. 
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Bombard i ng 
Energy 
(MeV) 

Initial 

T  rans i t Ion 
(MeV) 

state  Final  state 

a  2 

a4 

3.78 

1  .440 

0 

0.26 

+  0.01 

-0.02 

+  0.02 

1 .619 

0 

0.31 

+  0.02 

0.07 

+  0.02 

3.88 

0.378 

0 

-0.13 

+  0.01 

0.02 

+  0.01 

1  .288 

0 

0.378 

-o.o4 

-0.06 

+  0.01 
+  0.01 

0.02 

0.03 

+  0.01 
+  0.01 

1.619 

0 

0.27 

+  0.02 

0.09 

+  0.02 

3.90 

2.272 

0 

0.378 

-0.10 

-0.28 

+  0.02 
+  0.07 

0.01 

0.01 

+  0.02 
+  0.07 

3.96 

2.405 

0 

0.01 

+  0.04 

0.01 

+  0.04 

4.26 

2.272 

0 

-0.08 

+  0.01 

0.02 

+  0.01 

2.572 

0 

0.378 

0.22 

0.49 

+  0.04 
+  0.03 

0.02 

0.01 

+  0.04 
+  0.03 

2.670 

0.378 

1.288 

-0.03 

-0.01 

+  0.06 
+  0.03 

-0.08 

0.03 

I"'-.  C*-\ 

0  0 
•  • 

0  0 

+  1+1 

4.50 

2.572 

0 

0.378 

0.25 

0.47 

+  0.01 
+  0.03 

0.01 

-0.08 

+  0.02 
+  0.03 

2.687 

0 

0.378 

0.17 

-0.47 

+  0.01 
+  0.07 

-0.02 

0.06 

+  0.01 
+  0.07 

2.876 

0 

0.378 

-0.05 

-0.02 

+  0.07 
+  0.02 

-0.08 

0.01 

+  0.07 
+  0.02 

2.947 

0 

0.85 

+  0.11 

0.07 

+  0.12 

4.55 

2.572 

0 

0.378 

0.25 

0.49 

+  0.01 
+  0.02 

0.01 

-0.03 

+  0.01 
+  0.02 

2.670 

1 .288 

0.07 

+  0.02 

0.01 

+  0.02 

2.687 

0 

0.378 

0.22 

-0.17 

+  0.01 
+  0.03 

0.01 

-0.05 

+  0.01 
+  0.03 

2.914 

0.378 

-0.05 

+  0.07 

-0.07 

+  0.07 

2.947 

0 

0.73 

+  0.05 

0.01 

+  0.06 

4.65 

2 . 92.7 

0 

0.68 

+  0.04 

0.05 

+  0.04 

5.0 

2. 947 

0 

0.59 

+  0.08 

-0.02 

+  0.08 

3.005 

1.288 

-0.31 

+  0.04 

-0.03 

+  0.04 

- 

hi 


(a)  The  levels  below  2  MeV 

From  previous  experiments  including  (3+-decay  (ju  59)  of  53Fe, 

the  spin  and  parity  of  the  0-378  MeV  level  has  been  established  as 

5" 

2  * 

The  1.288  MeV  state  decays  to  the  ground  state  (57%)  and  to 

the  first  excited  state  (43%).  The  spin  and  parity  of  this  level 

have  been  assigned  as  j-  in  the  previous  work  (Vu  66,  Vu  67), 

where  the  mixing  ratio  for  the  0 . 9 1 0  MeV  transition  has  been 

“t-  2  7  0 

assigned  as  -0 . 1 8  +  0. 03  or  30_15  .  The  angular  distributions  of 

both  transitions  were  nearly  isotropic  in  the  present  work. 

The  1.440  MeV  state  decays  only  to  the  ground  state.  A 

comparison  of  the  angular  distribution  of  the  decay  at  Ep  = 

3.78  MeV  with  predictions  for  the  1.440  MeV  transition  is  shown 

in  Fig.  12.  The  spin  of  this  level  can  be  uniquely  assigned  as 

■y-;  this  confirms  the  previous  assignment  (Me  70). 

The  branching  ratio  of  the  1.619  MeV  level  is  in  agreement 

with  the  values  of  McEllistrem  et  a  1 .  (Me  70),  but  in  disagreement 

with  the  measurements  of  Cujec  et_  aj_.  (Cu  69,  Sz  70).  The  x2 

analysis  of  the  angular  distribution  of  the  decay  to  the  ground 

state,  shown  in  Fig.  13,  leads  to  a  unique  spin  assignment  of 
9 

—  for  this  level,  thus  confirming  the  previous  measurement 
(Me  70).  The  E2/M1  mixing  ratios  of  -3.2+J*^  or  -0.6*°*^  is 

—  (J  .0  u  •  ^ 

•  • 

in  agreement  with  the  values  of  Szoghy  £t_  aj_.  (Sz  70)  and 
McEllistrem  et  al .  (Me  70). 
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Fig.  12 


o 

The  angular  distribution  and  the  X  plot  for  the 
1.440  -*  0.0  MeV  transition. 
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Fig.  13 


The  angular  distribution  and  the  x2  plot  for  the 
1.619  0.0  MeV  transition. 
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Fig.  14 


o 

The  angular  distribution  and  the  x  plot  for  the 
2.272  0.0  MeV  transition. 
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(b)  The  2.272  MeV  level 

The  2.272  MeV  level  has  been  seen  only  in  proton  induced 
reactions  (Nu  70).  This  level  was  found  to  decay  to  the 
ground  state  and  to  the  first  excited  state  with  the  branching 
ratio  78:22.  No  transition  to  the  second  excited  state  was 
observed  in  the  present  work,  although  a  weak  transition  has 
been  suggested  in  the  ( p , y )  work  of  Maripuu  (Ma  70).  As 
shown  in  Fig.  14,  no  unique  spin  assignment  would  be  obtained 
in  the  x2  analysis  of  the  2.272  +  0.0  MeV  angular  distribution. 
However,  the  yield  curve  analysis  (see  Fig.  11)  for  the  2.272 
0.378  MeV  transition  shows  the  best  fit  for  J  =  ,  6  =  - 1 . 2  +_ 

0.2. 

(c)  The  2.405  MeV  level 

This  level  was  found  to  decay  to  the  ground  state,  to  the 
first  excited  state  and  to  the  second  excited  state  with  a 
branching  ratio  of  32%,  11%  and  57%,  respectively.  The  transi¬ 
tions  from  this  level  were  nearly  isotropic,  which  in  conjunc¬ 
tion  with  the  measured  (0b  67)  2  “  transfer  of  1  could  deter- 

P  _ 

•3 

mine  the  spin  of  the  state  to  be  —  (see  Ar  67,  Cu  69,  Ne  68). 

(d)  The  2.572  MeV  level 

This  level  decays  to  the  ground  state  and  to  the  first 

excited  state  with  a  branching  ratio  of  34:66.  The  X  -plot 

and  angular  distribution  for  the  2.572  0.0  MeV  transition  is 

9  7 

shown  in  Fig.  16.  This  shows  two  possible  spins,  —  and  — 
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Fig.  15  The  angular  distribution  and  the  X  plot  for  the 
2.572  -*•  0.378  MeV  transition. 
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Fig.  16 


The  angular  distribution  and  the  x  plot  for  the 
2.572  0.0  MeV  transition. 
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for  the  2.572  MeV  level.  However,  as  shown  in  Fig.  15,  the 
X2“analysis  and  angular  distribution  for  the  2.572  +  0.378  MeV 
transition  lead  to  a  unique  spin  assignment  of  —  ,  the  mixing 
ratio  being  confined  to  the  limits  shown  in  table  3* 

Previously,  the  2.572  MeV  level  has  been  found  only  in 
proton  induced  reactions  ( B r  66,  Ve  64),  and  not  found  in 
stripping  and  pickup  reactions  (Ob  67,  Ne  68). 

(e)  The  2.670  MeV  level 

The  angular  distribution  measurements  do  not  provide  any 
information  about  the  spin  of  this  level  because  the  2.670  ** 
0.378  MeV  transition  is  nearly  isotropic,  while  the  2.670  -* 
1.288  MeV  transition  could  not  be  resolved  in  the  present  work 
from  the  double  escape  of  the  2.405  MeV  gamma-ray.  From  the 
previous  st r i pp ing  works  ( A r  65,  Ob  67,  Cu  69),  this  level  has 
been  assigned  as  y  . 

(f)  The  2.687  MeV  level 

This  level  decays  to  the  ground  state  (52%),  to  the  first 
excited  state  (26%)  and  to  the  second  excited  state  (22%).  The 
X2_plots  and  the  angular  distributions  shown  in  Figs.  17  and  18 
clearly  indicate  that  the  2.687  MeV  level  has  a  spin  of  y 
uniquely;  this  conclusion  is  also  supported  by  the  yield  curve 
analysis  (Fig.  11).  The  E2/M1  mixing  ratio  of  6  =  -0.46  +0.2 
for  the  2.687  0.0  MeV  transition  was  obtained  in  the  present 

work.  Previously,  no  information  about  proton  angular  momentum 


. 


_ 


Table  3 
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Summary  of  angular  distribution  results.  The  energy  levels, 
spin  assignments,  branching  ratios  and  multipole  mixing 
ratios  are  listed  for  the  excited  states  of  53Mn. 


State 

(MeV) 

Final 

state 

(MeV) 

ey 

(MeV) 

Branch i ng 
ratio 

Multi  pole  mixing 
ratio  6 

0.378  | 

0.000 

7~ 

2 

0.378 

100 

1.288  | 

0.000 

7“ 

2 

1 .288 

57 

E2 

0.378 

5 

2 

0.910 

43 

1.1)40  -y- 

0.000 

7' 

2 

1 .440 

100 

E2 

1.619  | 

0.000 

7" 

2 

1.619 

90 

-3.2_05  or  -  0.6_0  2 

0.378 

5 

2 

1.241 

10 

E2 

2.272  I 

0.000 

7" 

2 

2.272 

78 

0.378 

5 

2 

1.894 

22 

-1 .2  +  0.2 

2.405  y 

0.000 

7‘ 

2 

2.405 

32 

E2 

0.378 

5 

2 

2.027 

1  1 

1  .288 

3 

2 

1.117 

57 

2.572  1 

0.000 

7" 

2 

2.572 

34 

. . +0 . 5 

“°*46_o .7 

0.378 

5 

2 

2.194 

66 

_ 1  9+0 . 5 

-1.2 

2.670  y 

0.378 

5" 

2 

2.292 

E2 

1 .288 

3 

2 

1  .382 

2.637  y 

0,000 

7" 

2_ 

2.687 

52 

-0.46  +0.2 

0.378 

5 

2 

2.309 

26 

+0.30^*®  or  +1.6+1  .5 

1  .288 

3 

2 

1.399 

22 

E2 

. 

Table  3  (continued) 
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State 

(MeV) 

Final 

state 

(MeV) 

eY 

(MeV) 

Branch i ng 
rat  i  0 

Multi  pole  mixing 
rat i 0  6 

i+ 

2.705  { 

1.288  | 

1.417 

100 

2.872 

o.ooo  Z 

2 

2.872 

100 

2.876  j 

0.000  Z 

2.876 

13 

E2 

0.378  | 

2.498 

87 

2.91  A  | 

0.378  | 

2.536 

100 

2.947  | 

o.ooo  Z 

2 

2.947 

-1  o+0-3 
‘  -1.1 

1.440  iL 

2 

1.507 

3.005  | 

0.000  1 

2 

3.005 

16 

0.378  | 

2.627 

23 

1.288  Z 

2 

1.717 

61 

-0.70+°7 

-0.4 

3.095 

0.000  Z 

2 

3.095 

35 

0.378  | 

2.717 

65 

3.125 

0.378  | 

2.747 

100 

3-183 

o.ooo  Z 

2 

3.183 

1 1 

0.378  | 

2.803 

89 

3.193 

o.ooo  Z 

2 

3.193 

32 

0.378  | 

2. 815 

31 

1.288  I 

2 

1.905 

37 

3.250 

0.000  Z 

3.250 

100 

57 

transfer  for  this  level  has  been  reported  from  the  stripping 
and  pickup  reactions. 

(g)  The  2.705  M eV  level 

This  level  seems  to  decay  to  the  second  excited  state 

only,  indicating  a  very  low  spin  of  the  level.  The  isotropic 

angular  distribution  of  the  2.705  1.288  MeV  transition  could 

not  yield  any  information  about  the  spin  of  this  level. 

Transfer  reactions  (Ob  67,  Ne  68,  G1  66)  indicating  =  0 

1  + 

for  this  level  indicate  the  assignment  of  a  —  spin. 

(h)  The  2.872  and  2.876  MeV  levels 

The  angular  distributions  for  both  of  these  levels  do  not 

give  any  information  on  the  level  spins  in  the  present  work. 

From  the  (3He,d)  reactions  (Cu  69,  Ob  67)  momentum  transfer 

£p  =  1  has  been  obtained.  The  spin  of  the  2.876  MeV  level 

•iT 

should  be  concluded  to  be  —  (see  Ma  70). 

(i)  The  2.91**  MeV  level 

The  2.91*t  MeV  level  decays  to  the  first  excited  state  only. 

The  values  of  a2  and  a4  for  the  2.914  -*■  0.378  MeV  angular 

distribution  are  given  in  table  2.  Weak  anisotropic  angular 

distribution  of  this  transition  has  yielded  no  information  on 

the  level  spin.  From  the  previous  (d,n)  reaction  (Nu  70), 

TT  3~ 

momentum  transfer  £p  =  1  has  been  obtained.  J  =  y  has  been 
assigned  by  the  previous  (p,y)  reaction  (Ma  70). 
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Fig.  17  The  angular  distribution  and  the  x2  plot  for  the 
2.687  O.378  MeV  transition. 
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Fig.  18 


The  angular  distribution  and  the  x2  plot  for  the 
2.687  0.0  MeV  transition. 
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(j)  The  2.947  MeV  level 

The  angular  distribution  of  the  2.947  -*■  0.0  MeV  transition 

was  found  highly  anisotropic  in  the  present  experiment.  Previously 

this  level  had  been  observed  only  in  the  (p,n)  reaction  (Ta  70) 

and  the  (p,a)  reaction  (Br  66).  As  shown  in  Fig.  19,  the  x2“Pl°t 

and  the  angular  distribution  for  this  level  indicate  that  the 

spin  is  assigned  to  be  —uniquely.  The  result  is  also  supported 

by  the  yield  curve  analysis  (Fig.  11).  An  E2/M1  mixing  ratio, 

6  =  -1.0+0,3  ,  for  the  2.947  -*■  0.0  MeV  transition  has  been 

“  X  •  1 

obtained  in  the  present  work.  In  the  coincidence  spectrum  (Fig.  8) 
there  was  found  the  transition  from  the  2.947  MeV  to  the  1.440  MeV 
1 evel . 

(k)  The  3.005  MeV  level 

The  x2"P1ot  and  the  angular  distribution  of  the  3-005  + 

1.288  MeV  transition  show  the  unique  spin  assignment  of  j  for  the 

3.005  MeV  level,  as  shown  in  Fig.  20.  A  mixing  ratio,  6  = 

+0.70  +  O.36  of  the  3.005  +  1.288  MeV  transition  has  been  obtained. 

Previously  =  2  or  3  and  £p  =  2  from  the  (3He,d)  reaction 

(0b  67)  and  the  (d,3He)  reaction  (Ne  68)  have  been  measured, 

3+ 

respectively.  The  level  has  been  suggested  (G1  66)  to  be  -r- 


(1)  Levels  above  3-0  MeV 

The  levels  3.095,  3-125,  3-183,  3-193  and  3-250  MeV  in  r,jMn 
have  been  seen  in  the  present  work.  A1  1  angular  distributions 


noijyd.i:}  ib  m  1 1  pin>  -arlj  bns  Jofq-sx  arfT 


. 


from  these  levels  are  isotropic  within  statistical  error. 
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Fig.  19 


The  angular  distribution  and  the  x2  plot  for  the 
2.9^7  “►  0.0  MeV  transition 
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Fig.  20  The  angular  distribution  and  the  x2  plot  for  the 
3-005  1.288  MeV  transition. 


3.005 


o 

00 

I 


O 

i 


o 

00 


Q> 

CM 

(A 

o 

u 


CO 

c 


u 

o 


64 


Fig.  21  Angular  distributions  for  the  gamma-ray  transi¬ 
tions  of  the  0.378,  1.288,  1.440,  1.619,  2.272, 
2.405  and  2.670  MeV  levels. 
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Fig.  22  Angular  distributions  for  the  gamma-ray  transi¬ 
tions  of  the  2.876,  2.914,  2.947  and  3.005  MeV 
1 evel s . 
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Fig.  23  Angular  distributions  for  the  gamma-ray  transi¬ 
tions  of  the  2.572,  2.687,  2.705,  3-095  and 
3-125  MeV  levels. 
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CHAPTER  I  I  I 


NUCLEAR  LIFETIMES 

3.1  Dopp 1 er-Sh i f t  Attenuation  Theory 

(a)  Introduction 

The  knowledge  of  the  lifetime  of  a  nuclear  state  provides 
the  essential  information  to  obtain  transition  matrix  elements 
for  comparison  with  theoretical  nuclear  models.  Nuclear 
lifetimes  can  be  measured  by  various  methods,  among  which  the 
delayed-coi ncidence  method,  the  reco i 1 -d i stance  method,  and 
the  Dopp 1 er-sh i ft  attenuation  method  are  often  used  for  short 
lifetime  measurements. 

The  del ayed-coinc idence  method  involves  the  detection  of 
the  times  of  population  and  decay  of  the  state  whose  lifetime 
is  to  be  determined.  The  importance  of  this  method  lies  in 
its  general  applicability  for  times  greater  than  about  50  ps. 

The  recoil-distance  method  involves  the  direct  measurement 
of  the  distance  moved  by  the  recoiling  excited  nucleus  before 
de-excitation.  The  shortest  lifetime  measurable  by  this  method 
appears  to  be  about  5  ps. 

The  Doppler-shi ft  attenuation  method  of  measuring  nuclear 
lifetimes  relies  on  the  rapid  slowing  down  of  swiftly  moving 
atoms  in  a  stopping  material.  In  the  Dopp 1 er-sh i f t  attenuation 
(DSAM) ,  the  nuclear  lifetime  is  compared  to  the  slowing-down 


- 
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time  of  the  recoiling  excited  nuclei.  This  time  is  of  the  order 
of  0.5  ps  in  a  solid  and  about  500  ps  in  a  gas,  so  that  the  DSAM 
may  be  used  over  a  range  of  lifetimes  from  about  10  to  0.005  ps 
in  the  former  case  and  from  about  10,000  ps  to  5  ps  in  the 
latter  (W a  67) . 

The  principal  methods  and  estimates  of  the  range  of 
applicability  for  each  are  listed  in  table  4  (01  68). 


Table  4 

Methods  and  estimated  ranges  for  measuring  lifetimes  of  states 

formed  in  nuclear  reactions. 


Method 

Range  in  t  (ps) 

Del ayed-co incidence 

T  ^  50 

Recoi 1 -d i stance 

5  <  t  <  5,000 

DSAM 

0.005  <  T  <  10 

In  the  present  work,  only  the  Doppl er-sh i f t  attenuation 
method,  which  has  in  the  recent  years  become  a  general  method 
for  measuring  short  nuclear  lifetimes,  will  be  treated  below. 
Elliott  and  Bell  (El  48)  carried  out  the  first  Doppler-shi f t 
measurement  to  deduce  a  lifetime  for  the  first  excited  level 
of  ;Li  from  the  10B(n,a)  Li  reaction.  The  Doppler-sh i f t 
attenuation  method  was  first  exploited  by  Devons  and  his 
collaborators  (De  55)  and  has  been  fully  developed  into  an 
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extremely  valuable  method  for  the  determination  of  short  nuclear 
lifetimes  by  many  investigators  (Wa  63,  Li  63,  B1  66). 


(b)  The  Doppler-shi ft  attenuation 

A  gamma-ray  emitted  from  a  nucleus  recoiling  freely  in 
vacuum  with  a  velocity  V0  has  an  energy  E(0)  given  by 


(Ml 


V0  «  c  , 


where  Eg  is  the  gamma  radiation  energy  for  nuclei  at  rest, 

0  the  angle  of  gamma  emission  relative  to  the  recoil  direction, 
and  c  the  velocity  of  light.  The  average  (or  centroid)  energy 
of  the  de-excitation  gamma-rays  emitted  by  an  ensemble  of 
recoil  nuclei  slowed  down  and  stopped  in  a  solid  is  given  by 


(Es  65) 


(Ml 


where  V0  is  the  initial  velocity  of  the  recoil  nucleus,  and 
F(t)  is  the  attenuation  factor  related  to  the  nuclear  lifetime 
t  and  slowing-down  properties  of  the  recoil  nuclei  in  the 
stopp i ng  material. 

In  essence,  the  general  problem  involved  in  obtaining 
nuclear  lifetimes  t  based  on  the  Doppler-shi ft  attenuation 
method  is  the  determination  of  the  attenuation  factor,  F(t), 
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theoretically  and  experimentally. 

For  any  given  lifetime,  the  value  of  F(t)  can  be  calculated 
if  the  slowing-down  properties  of  the  ion  are  known  (B1  66, 

Si  67 ,  Ro  69) : 


F  (t)  = 


OJ 


00 


V(t)  cos<j)(t)  exp(-t/T)  dt 


f  V0  exp(-t/x)  dt 

J 


1 


Vo-r  0J 


00 


V(t)  coscJ)(t)  exp(-t/x)  dt, 


(II  I .3) 


where  (}>(t)  is  the  angle  between  the  recoil  direction  at  time 
t  and  the  initial  recoil  direction,  cos  (p  (t)  denotes  an 
ensemble  average  over  the  observed  nuclei  which  are  scattered 
at  the  angle  <j>(t)  relative  to  their  initial  direction. 

The  experimental  attenuation  factor,  F (t ) eXp ,  is  the 
ratio  of  the  observed  (average)  Doppler  shift  to  the  maximum 
possible  shift  and  can  be  expressed  by  (Es  65) 


F  (t) 

'  '  exp 


observed  average  shift 

maximum  possible  shift 


AE 


y  g 

Eo  —  (cosQi -  cos02) 
c 


(II I .'») 


where  Oj  and  ©2  are  two  different  gamma-ray  detector  angles, 
and  AE  =  E  (9^  -  E  (02)  . 


■ 


.1  c 


Thus,  comparison  of  the  experimentally  determined  value 
of  F(t)  with  the  calculated  values  will  yield  the  nuclear 
1 i fet i mes ,  t . 

(c)  The  attenuation  factor,  F(t) 

In  the  formula  of  the  attenuation  factor  (eq .  I  II . 3 ) »  V  ( t ) 
and  cos  (J)  (t)  are  related  to  the  stopping  power  and  the 
scattering  of  the  recoil  ions,  respectively,  i.e., 


di  =  dV(ti 

dx  1  dt 


(M 


where  is  the  mass  of  the  recoil  ion  (Li  63). 

Therefore,  the  essence  of  determining  the  attenuation 
factor,  F  (t) ,  consists  of  using  the  slowing-down  properties, 
i.e.  the  stopping  power  and  the  scattering  of  the  recoil  ions. 

The  slowing  down  of  the  recoil  ion  is  due  to  two  types 
of  collision  processes,  electronic  collisions  and  nuclear 
collisions.  In  the  electronic  collisions,  the  recoil  ion 
interacts  i ne 1 ast i ca 1 1 y  with  the  outer  electrons  in  the  stopping 
material  and  loses  energy,  and  in  the  nuclear  collisions  the 
ion  interacts  elastically  with  an  atom  as  a  whole,  thereby 
losing  energy  and  perhaps  being  scattered  away  from  the 
original  direction  of  motion.  Therefore,  the  stopping  power 
is  described  as  the  sum  of  two  distinct  processes: 


< 


, 

- 

. 


where  e  and  n  denote  electronic  and  nuclear,  respectively. 

The  stopping  process:  The  stopping  process  of  the  recoil 
ion  has  been  descr  i  bed  in  detail  in  a  review  article 
of  Northcliffe  (No  63). 

At  high  velocities  of  the  recoil  ion  (V  »  yjy  z 1 ,  where 
z\  is  the  atomic  number  of  the  recoil  ion),  the  electronic 

stopping  power,  (-—■-) e  ,  increases  with  decreasing  velocity 

c2  c  2 

roughly  as  —  ,  and  at  intermediate  velocities  (v  ~  -yyf  zl^") 

the  electronic  stopping  power  goes  through  a  maximum.  However, 

collisions  with  the  nuclei  of  the  medium  will  be  relatively 

rare  at  these  high  velocities  and  will  play  no  significant  role 

in  the  energy  loss  process.  As  the  decrease  in  recoil  ion 

velocity  continues,  the  electronic  stopping  power  decreases, 

eventually  falling  to  zero. 

In  the  limit  of  very  low  velocities  (  v  <  -jyy )  ,  i .e .  lower 

than  velocities  of  the  orbital  electron  of  the  recoil  ion,  the 

nuclear  stopping  power  is  rapidly  increasing  approximately  as 
c2 

—  ,  while  the  electronic  stopping  power  is  declining  to  zero 
v2 

with  decreasing  ion  velocity  — .  Below  a  certain  critical 

c 

Q 

velocity  (vc  <<  y^y)  the  nuclear  stopping  power  exceeds  the 
electronic  stopping  power  and  goes  through  a  maximum,  and 


then  also  declines  to  zero. 
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The  electronic  stopping  power  :  The  theory  of  the  electronic 
stopping  power  has  been  developed  by  many  authors  (Bo  48,  B1  33> 

Be  53,  Fi  59,  Li  63a).  The  theoretical  formula  for  the  electronic 
stopping  power  is  given  in  a  conventional  form  (No  63): 


e 


(_Me_V_> 

mg/cm2 


Y2z  2 

3.072  x  10  (  1  )  B 

P 


(II  I  .7) 


wi  th 

3  =  —  ,  Mp  :  amu  , 

c 

where  yz  1  denotes  the  instantaneous  net  charge  of  the  ion,  M2 
the  mass  of  an  atom  of  the  stopping  medium  (the  suffixes  1  and 
2  will  be  used  throughout  to  denote  the  recoiling  and  stopping 
nucleus,  respectively),  B  a  dimensionless  multiplier  called  the 
stopping  number. 

The  stopping  number  B  in  the  formula  is  in  the  form  of  a 
logarithmic  function  and  has  been  calculated  on  the  basis  of 
various  theories  (B1  33,  Bo  48,  Be  53)* 

Bethe  (Be  30,  Be  53)  obtained  the  first  purely  wave- 
mechanical  solution  to  the  problem  through  use  of  the  Born 
approximation.  The  stopping  number  given  by  Bethe's  theory 
i  s 


=  zp  (log 


2mev 


+  AL), 


B 


(I  I  1 .8) 


' 

V 


lb 


where  z2  is  the  atomic  number  of  an  atom  of  the  medium,  m 


is  the  mass  of  the  electron,  l  is  the  mean  excitation  energy 
of  the  atomic  electrons,  and  AL  corresponds  to  the  relativistic 
correction  term. 

Bloch  (B1  33)  took  into  account  the  perturbation  of  the 
wave  functions  of  the  atomic  electrons  caused  by  the  presence 
of  the  incident  particle  (also  see  No  63).  Bloch  (B1  33) 
showed  that,  in  stopping  media  consisting  of  atoms  adequately 
described  by  the  Thomas-Fermi  atomic  model,  the  mean  excitation 
energy  I  is  expected  to  be  approximately  proportional  to  z2  • 


(II  I .9) 


where  k  is  the  "Bloch  constant".  The  empirically  determined 
values  of  the  Block  constant  k  turn  out  to  be  ~  10  keV  for  a 
wide  range  of  z2  values  (see  table  1  in  ref.  Fa  63). 

Substituting  Bloch's  relation,  I  =  k  z2  ,  and  Bethe's 
formula  (111.8)  into  eq .  (I  II. 7),  the  Bethe-Bloch  formula  for 
the  electronic  stopping  power  will  be  obtained: 


3.072  x  10"4  z 2  (L  +  AL), 

P  m2 


(111.10) 


wi  th 


B  H  z2  (L  +  AL)  , 


(111.11) 


;  •'<>  J 


i  rlw 


' 
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L  =  log  2  me  [  (yfy)  2/  k  ]  +  log  [  -■’7---] ,  (111.12) 

AL  =  -  log  (I  -g2)  -  g2  (II  1,13) 


where  the  logarithmic  function  L  is  the  non  re  1  at i v i s t i c 

stopping  number  per  atomic  electron. 

Lindhard  and  Scharff  (Li  53)  chose  to  regard  L  as  an 

unknown  universal  function  of  (137  $)2/z2»  the  form  of  which 

could  be  determined  empirically  by  plotting  the  L  values 

calculated  from  experimental  stopping  power  data  (using  eq . 

(111.12))  vs.  log  ^  ^  .  The  result  is  a  smooth  curve 

z2 

(almost  a  straight  line)  with  little  dependence  of  z2  (see 
Fig.  5  in  ref .  Fa  63) . 

The  Bethe-Bloch  formula  applies  to  the  electronic 
stopping  power  in  the  high  velocity  region,  but  for  low 
velocities  it  is  no  longer  valid  even  if  shell  effects  are 
taken  into  consideration  (Fa  68). 

Lindhard,  Scharff  and  Schiott  (Li  6la,  Li  63  ~~  referred 

to  as  LSS)  have  treated  the  electronic  stopping  at  low 

2 

c 


veloci ties  (  0  <  v  < 


137 


Zj3)  by  using  a  Thomas-Fermi  model 


of  the  interaction  between  heavy  ions.  In  LSS,  they  introduced 
dimensionless  variables  e  for  the  energy  and  p  for  the  range: 


_ a  M?  F 

z  ^z  2e2 (M  ^  +  M2) 


- 
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P 


4  7t  a2  N  - R  ( 

(Mj  +M2)2 


(I  11.14) 


where  z  is  the  atomic  number,  M  the  atomic  mass,  N  the  number 
of  scattering  atoms  per  unit  volume,  E  the  kinetic  energy  of  the 
moving  atom,  R  the  distance  traveled  along  its  path,  and  a  the 
screening  parameter  i n  the  Thomas-Fermi  potential.  That  is,  in  a 
screen  potent i al , 


U  (y) 


(M  1.15) 


Y 


(111.16) 


a 


where  me  and  e  are  the  mass  and  charge  of  the  electron,  4>o  is  the 
Fermi  function. 


2 


c  _ 

For  low  recoil  velocities  (  0  <  v  <  -jyy  z^),  the  electronic 
stopping  power  is  given  in  £-p  units  by  (Li  63): 


(M  1.17) 


.  J_  !  3. 

|  0.0793  zi2  z22  (Ai  +A2)2 


(111.18) 


whe  re  k  ~  0 . 1  -  0 . 2 


normal  case 


k  =  0.133  z23  A2  2 


2i  «  z2 

Z1  ~  z2  »  A1  =  A2  • 
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The  LSS  formula  gives  a  good  over-all  fit  to  experimental 
results  at  low  velocities  (v  <  yjy  )  (Sc  66).  Oscillations 
around  the  theoretical  k-value,  due  to  atomic  shell  effects, 
have  been  observed,  especially  for  low  atomic  numbers  (Fa  68). 

The  nuclear  stopping  power  :  The  role  of  nuclear  collisions 
in  the  penetration  process  was  first  discussed  by  Bohr  (Bo  48). 
Bohr  employed  the  simple  power  potential  based  on  the  classical 
Rutherford  scattering.  Bohr's  formula  for  the  nuclear  stopping 
power  is  given  by  (Gu  70): 


<£>n  "  N  Bn  <°9  C 


2E  M2fi2 

2  5  i  J  , 

(M1+H2)  z1z2e4me  (z1T+z2T )T 


(M  1.19) 
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(III .20) 


where  N  is  the  number  of  atoms  per  cc  in  the  stopping  medium. 

Bohr's  ideas  have  been  developed  and  refined  by  Lindhard, 
Scharff  and  Schiott  (Li  61,  Li  63).  They  have  derived  a  universal 
curve  for  the  nuclear  stopping  power  using  the  Thomas-Fermi 
model.  In  LSS,  the  nuclear  stopping  power  is  given  by  (Li  63) 
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dp  n 


dx 


(111.21) 
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t2 


e  •  sin  j  ®  , 


(M  I  .23) 


where  da  is  a  universal  differential  cross  section,  and(R)is 

the  deflection  angle  in  the  center  of  mass  system.  The 

L  de 

function  f(t2)  and  the  nuclear  stopping  power  (^Jp)n  are 

given  in  Figs.  2b  and  25,  respectively. 


Universal  differential  cross  section  for  elastic  nuclear  collisions 

1 

(taken  from  ref.  Li  63).  At  high  values  of  tT  it  smoothly  joins 

Rutherford  scattering. 

The  attenuation  factor:  As  mentioned  above,  at  the  high 

2_ 

velocities  of  the  recoil  ion  (v  >  y— -  z^),  only  the  electronic 

stopping  power  plays  a  significant  role  in  the  energy  loss  process, 

2 

and  at  the  low  velocities  (  0  <  v  <  yry  Zj^)  the  nuclear  stopping 
power  is  dominant,  but  both  may  play  significant  roles.  At  high 


■ 


79 


velocities,  the  Bethe-Bloch  formula  may  be  applied  in  the 
electronic  stopping  power.  At  low  velocities  Lindhard,  Scharff 
and  Schiott  (Li  63)  have  derived  the  electronic  and  nuclear 
stopping  power  formulae  using  the  Thomas-Fermi  model,  which  give 
a  good  over-all  fit  to  experimental  data. 

Fig.  25  shows  nuclear  and  electronic  stopping  powers 
derived  by  LSS  in  the  low  velocity  region.  The  solid  curve 
represents  the  nuclear  stopping  power  and  the  broken  lines  are 
the  electronic  stopping  powers  for  k  =  0.15  and  k  =  1.5. 

Starting  from  the  expression  for  ("j“*)e  anc*  derived 

by  Lindhard  et  al .  (Li  63),  Blaugrund  (B1  66)  has  calculated 


the  velocity  of  a  recoil  ion  in  a  stopping  medium  as  a  function 
of  time,  i.e.  V ( t) ,  and  has  first  derived  the  average  scattering 
angle  resulting  from  multiple  nuclear  collisions,  i.e.  cos  (j>  ( t)  . 
By  use  of  these  effects,  Blaugrund  has  given  the  average 
Doppler  shift  and  the  attenuation  factor  F(t)  in  an  analytical 
form. 


The  nuclear  specific  energy  loss  function  calculated  by 
LSS  from  a  Thomas-Fermi  ion-atom  potential  has  been  published 
in  graphical  form  (see  Fig.  25),  and  has  been  tabulated  by 
Schiott  (Sc  66).  This  function  has  been  approximated  using 
various  express  ions,  by  Blaugrund  ( B 1  66), 


0n  =  (ie)_1{0.3  +  log  [(0.6+e2)/e]}  :  e>1 


(I  1  1 .24) 
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Fig.  25 


Nuclear  and  electronic  stopping  powers  (taken  from  ref.  Li  63) 

in  the  low  velocity  region, 
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by  Robertson  (Ro  69) , 


dF  —  1  — 
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x  (1 .97  exp(-l .82  e?)  +  0.0225  £^) }  :  14<£<18 


On  =  2?  1o9  (2-259  £) 


e  >  18  ; 


(I  I  1.28) 


and  by  Bertin  et  al.  (Be  69), 


X 

'l  =  e2 

vdp'n  0.67  +  2.07  £  +  0.03  £2  * 


(Ml  .29) 


In  order  to  account  for  the  scattering  effect  in  the  Doppler 


shift,  coscj)  has  to  be  calculated  as  a  function  of  time.  The 
multiple  scattering  theory  was  developed  by  Goudsmit  and 
Saunderson  (Go  40)  and  extended  by  Lewis  (Le  50). 

For  the  particular  case  of  the  scattering  law  given  by 


LSS,  cos^)  is  given  by  ( B 1  66) 


coscj)  =  exp  [-  J  G  (r)  l]  , 


(111.30) 
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where 


In  the  region  1.2  <  £  <  20,  ( 


mated  by  (see  eq.  111.25) 
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and  cos  (f>  is  given  by  (B1  66) 


cos  (j)  = 


1  + 


0.4 

ke 


1  + 


M 

k£n 


-G/2r 


(II  I .34) 


Once  V(t)  and  cosc()  are  known  as  a  function  of  the  time  t, 
the  calculation  of  the  attenuation  factor,  F(t),  is  straight¬ 
forward  . 


Ignoring  the  scattering  term  coscf)  and  assuming  that  for  all 


- 


energies  the  stopping  power  in  a  medium  is  proportional  to  the 
ion  veloci ty ,  i .e. , 
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dE  dV(t) 

dx  "l  ~dt~ 


k  V(t)  , 


then  the  velocity,  V(t),  will  be  given  by 


V(t)  =  Vo  exp  (-t/a)  , 


(111.35) 


(111.36) 


where  a  =  Mi/k  is  called  the  slowing-down  time,  k  is  a  constant 
of  proportionality,  VQ  is  the  initial  velocity.  The  attenuation 
factor,  F(t),  is  then  given  by 


F  (t) 
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f00 

V(t)  exp  (-t/a)  dt 
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(II  1.37) 


The  contribution  of  cascade  gamma-rays  to  F(t)  :  In  the 

cascade  transitions,  if  the  higher  states  have  appreciable 

lifetimes,  or  significantly  different  initial  velocities,  the 

F(t)  observed  for  the  lower  state  will  be  appreciably  affected. 

If  several  levels,  each  with  lifetime  t.  and  direct 

1 

population  Vj  (i  >_  2) ,  decay  to  a  level  with  Tj  and  v^,  then 
the  observed  Doppler  shift  for  the  latter  level  depends  on 
(Be  69a) 
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F(fi)  =  Vj  F (t j )  +  l 


V. 


i  >  2  Ti~Tl  1  1 


[t  F(t  )  -  TiFCii)]  ,  (111.38) 


where  Vj  +  J 


v.  =  1  . 
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Thus,  assuming  F(t.) 
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(I  I  1.40) 


for  a  single  cascade, 


F<Tl)  "  V1  f(ti)  +  V2  F(t2)  F  (t  j  )  +  v3  F(t3)  F(Xj)  (111.41) 


for  double  cascades. 


CM 


Cascade  contribution  to  F  (t) . 


(d)  Lifetimes  and  transition  probabilities 
By  Heisenberg's  uncertainty  principle,  the  mean  life,  T, 


may 


be  expressed  in  terms  of  an  energy  width  Y  of  the  level  Ej : 


-15 


f t  —  "ti  =  0.6582  x  10  e\l  sec. 


(111.42) 


The  radiative  transition  probability  is  the  reciprocal  of 
the  mean  life  x  of  the  level  concerned,  that  is, 


T  =  1 
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which  is  the  sum  of  the  partial  transition  probabilities, 


T  =  I  T  (a  L)  , 
a  L 


(III .44) 


where  L  is  the  multipolarity  and  o'  represents  the  decay  mode, 
i.e.,  electric  or  magnetic. 

The  partial  transition  probability  of  a  gamma  transition 
(with  angular  momentum  L,  energy  E,  and  parity  tt  )  from  the 
initial  level  with  spin  J.  to  the  final  level  with  spin  J^.  is 
given  by  the  well-known  expression  (B1  52): 


T  (oD  = 
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with  J.  +  Jr>L>  I J  .  -  J  J 
i  f  —  —  1  i  f1 

(2L  + 1) ! !  =  1 .3.5  •  •  •  (2L  + 1)  , 

where  B  ( GL )  is  the  reduced  transition  probability  which  is 
connected  to  the  reduced  matrix  element  by  (Sk  66) 


B  (a L) 
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2J.  +  1 
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(III .46) 


where  M  is  the  corresponding  multipole  operator. 

B  ( cr  L  )  is  usually  expressed  in  units  [e2,fm2*“]  and  (n.m)2 
for  electric  and  magnetic  transitions,  respectively.  Using 
convenient  units, 

■tt  =  6.582  x  1022  MeV-sec 


tic  = 

1  .973  x  10"U 

MeV-cm 

e2  = 

1.440  x  10"13 

MeV-cm 

fm4  = 

10’52  cm4 

Mpc2  =  938.11  MeV 

_4  0 

(n.m)2  =  0.1589  x  10  MeV-cm3  (111.47) 

B(E2)  and  B(Ml)  may  be  expressed  as 


B(E2) 
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B (Ml )  =  56.9552  x  10"15  liiili  (n.m)2 

E  5 

=  8.6531  x  101  ,  (III  .49) 

E  3 


where 

T  (aL  ) 

r  (aL) 

6.582  X  10 

T  (aL) 

-1 

:  sec 

E 

:  MeV 

r  (OL) 

:  eV 

The  E2/M1  multipole  mixing  ratio  6  may  be  given  by  the 


relations, 
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T(E2) 

tWT 

/  E  \2  B(E2) 
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(Ill .50) 
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T  (Ml)  + 

T  (E2)  . 

(II  1 .53) 

Excited  states  sometimes  have  available  two  or  more 
paths  for  decay,  such  as  two  nuclear  transitions  or  beta-ray 


emission  in  competition  with  a  nuclear  transition.  Each  path 
has  its  own  characteristic  partial  mean  life  t2  *  •  *  . 

Thus,  the  observed  mean  life,  T,  of  the  state  is  given  by 


T 


T 1  T2 


+  -  +  • 


(Ml 


Evidently,  when  one  of  the  partial  mean  life  values  is  much 
shorter  than  all  of  the  others,  it  will  be  the  main  one  to 
determine  the  observed  mean  life  of  the  state. 

Partial  mean  lives  can  never  be  measured  directly  and  the 
decay  rates  of  each  of  a  number  of  competing  radiations  will  be 
exactly  equal  to  each  other  and  to  the  overall  mean  life  of  the 
parent  state.  Partial  mean  life  values  may  be  inferred  from  the 
relative  intensities  of  the  competing  radiations  together  with 
the  observed  mean  life  of  the  state. 

If  a  considerable  internal  conversion  is  included,  the 
lifetime  must  be  corrected  by 


(in 


total  +  “T) 


T 


T 


where  t  is  the  radiative  decay  lifetime,  Ttotal  the  total  life 
time,  a-j-  the  total  internal  conversion  coefficient. 
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3-2  Experimental  Method 

(a)  Apparatus 

Lifetime  measurements  were  performed  by  means  of  the 
Doppl er-sh i ft  attenuation  method  through  the  53Cr(p,ny) 53Mn 
reaction  at  a  proton  energy  of  A. 9  MeV.  The  experimental 
method  has  been  previously  described  in  the  earlier  work 
(Gu  70).  Fig.  27  shows  a  schematic  diagram  of  the  experimental 
arrangement . 

A  thick  target  (~3  mg/cm2)  was  prepared  by  evaporation 
of  (>203  (enriched  to  96.4%  53Cr)  onto  0.127  mm  thick  tantalum 
backing;  the  target  itself  was  thick  enough  to  stop  more  than 
98%  of  the  recoiling  53Mn  nuclei  (see  Gu  70). 

The  gamma-rays  were  detected  in  a  48  cc  Ge(Li)  crystal 
placed  10  cm  from  the  target  in  coincidence  with  neutrons 
detected  in  an  annular  liquid  organic  scintillator  (NE  218) 
located  15  cm  upstream  from  the  target  at  an  angle  of 
approximately  1 80°  with  respect  to  the  beam  direction. 

The  faces  of  the  neutron  detector  were  shielded  with  lead 
(about  1.5  cm  thick)  to  reduce  the  gamma-ray  flux  into  the 
scintillator,  and  the  Ge(Li)  crystal  was  shielded  with  lead 
(about  0.3  cm  thick)  to  reduce  significantly  the  counting  rate 
produced  by  low  energy  gamma-rays. 

A  Na I  crystal  was  placed  directly  above  the  Ge(Li)  detecto 
Two  sources,  60Co  and  88Y,  were  situated  midway  between  the 
detectors,  and  provided  a  continuous  calibration  during  the 
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lifetime  experiment  by  means  of  y-y  coincidence  spectra  of  the 
sources . 

The  electronics  block  diagram  is  shown  in  Fig.  28.  The 
neutron  detector  was  biased  at  -2150  volts  and  the  discriminator 
was  set  just  above  the  self-triggering  level. 

The  slow  and  fast  signals  from  the  neutron  detector  are  fed 
into  the  neutron  identifier  TAC.  The  gamma-ray  slow  signals  (E) 
from  the  Ge(Li)  detector  are  fed  directly  into  the  analog-to- 
digital  converter  (ADC)  and  into  the  coincidence  units  through 
an  R-C  amplifier  and  a  single  channel  analyzer  with  a  window 
set  on  the  desired  gamma  spectrum. 

The  gamma-ray  fast  signals  (T)  from  the  Ge(Li)  detector  are 

fed  into  the  starts  of  the  n-y  TAC  and  y-y  TAC,  where  the  n-y 

TAC  is  stopped  by  the  neutron  fast  signals  and  the  y-y  TAC  is 

stopped  by  the  y-ray  pulses  from  the  Na I  detector.  A  timing 

SCA  (TSCA)  is  used  to  put  a  window  on  the  spectra  of  the  60Co  an 

88y , 

The  true  start  signal  of  the  n-y  TAC  is  delayed  and  then 
used  to  strobe  three  SCA's  at  the  sides  of  the  Ge(Li)  detector, 
the  n-ident.  TAC  and  the  n-y  TAC  at  the  same  time. 

(b)  n-y  coincidence  spectrum 

The  beam  current  was  approximately  30  nA  and  the  counting 
rate  in  the  Ge(Li)  was  maintained  at  about  6,000  counts/sec. 

The  n-y  coincidence  spectra  were  taken  at  0°  and  120°  and 
the  runs  were  for  about  8  and  6  hours,  respectively. 
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Fig.  27  A  schematic  diagram  of  the  experimental  arrangement 
for  the  lifetime  measurements  (cross  section  in  a 
vert i cal  plane) . 
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Fig.  28  The  electronics. 
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Fig.  29  A  typical  n-y  time  spectrum. 
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Each  output  of  the  n-y  and  n-ident.  TAC's  will  contain  two 
peaks  --  one  for  neutrons  and  the  other  for  gamma  rays  detected 
in  the  neutron  detector.  A  typical  n-y  time  spectrum  taken  at 
0°  is  shown  in  Fig.  29.  Windows  are  placed  on  the  neutron 
peaks  of  the  n-identifier  and  n-y  time  spectra  using  TSCA's, 
the  pulses  of  which  are  placed  in  a  coincidence  unit  (I);  this 
provides  a  n-y  coincidence  spectrum. 

By  routing  the  kicksorter  by  an  output  of  the  y-y  coinci¬ 
dence  unit  (11),  the  y-y  coincidence  spectrum  of  the  sources 
is  put  into  the  next  2048  channels  from  the  n-y  coincidence 
spectrum. 

The  energy  calibration  of  the  n-y  coincidence  spectra  was 
made  with  the  y-y  coincidence  lines  of  60Co  and  88Y,  the  0.511 
MeV  line,  and  the  first  excited  state  line  (t  **  170  ps)  of 
53Mn  in  the  n-y  coincidence  spectra,  using  a  quadratic  least- 
squares  fit. 

3.3  Method  of  Analysis 

(a)  Kinematic  shift 

According  to  reaction  kinematics,  neutrons  detected  in  a 
narrow  cone  subtended  by  the  neutron  detector  (e.g.,  half-angle 
of  -20°)  will  be  in  coincidence  with  the  gamma  rays  from 
recoil  nuclei  travelling  in  a  much  narrower  cone  (e.g.,  half¬ 
angle  of  ~4°).  It  was  also  calculated  that  the  beam  would 
lose  less  than  10  keV  of  its  original  energy  in  passing 
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through  the  target,  giving  very  little  uncertainty  in  the  recoil 
nucleus  initial  velocity. 

The  kinematic  (maximum  possible)  shift,  from  eq .  (I  I  1.1), 
is  given  by 


Kinematic  shift 


(cos  6i  -  cos  62)  , 


(II  I .56) 


where  0!  and  02  are  two  different  gamma-ray  detector  angles, 

V 0  the  initial  velocity  of  the  recoil  nucleus,  and  Eo  the 
unshifted  gamma-ray  energy. 

The  ratios  —  (=$0)  f°r  the  excited  levels  to  be  considered 

0 

were  calculated  by  means  of  relativistic  kinematics  (Fortran 
program  DSAM  1A) ,  taking  into  account  the  finite  detection  angle 
of  the  neutron  detector  and  incident  beam  energy  loss  through 
the  target. 

The  unshifted  gamma-ray  energy  Eo  can  be  determined,  from 
eq  .  ( I  I  I . 2) ,  by 


E(0j)  cos02  -E(02)  COS0J 

COS02  "  COS01 


(IM.57) 


where  E(0)  is  the  average  (or  centroid)  energy  of  the 
de-excitation  gamma-rays  observed  at  the  angle  of  0. 

(b)  Centroid  calculations 

The  centroid  of  a  gamma-ray  peak  may  be  calculated  by 
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i  = 
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i  =  1  ' 


(111.58) 


where  c.  and  b.  are  the  total  and  background  counts  in  channel 
i,  and  I  is  the  total  number  of  channels  summed  over. 

The  background  in  channel  i  may  be  given  by 


b. 

i 


^CL~CR) 

I 


(M  I  .59) 


where  c^  is  the  average  channel  count  in  the  left  background 
region,  c^  the  average  channel  count  in  the  right  background 
regi on . 

The  centroid  calculations  of  the  gamma-ray  peaks  in  the 
n-y  and  y-y  coincidence  spectra  were  performed  using  an  APL 
program  BACK  (Gu  70). 

(c)  The  attenuation  factor,  F(t) 

In  order  to  determine  the  observed  shifts  between  0i  =  0° 
and  ©2  =  120°,  i .e.  ,  AE  =  E  (©i)  -  E  (©2) >  centroids  of  the 
gamma-ray  peaks  to  be  considered  were  calculated  and  then 
calibrated  with  energies  of  the  known  standard  peaks.  The 
experimental  attenuation  factor,  F(x)eXp>  was  obtained  from 
eq .  ( I  I  I . 4) . 

The  theoretical  attenuation  factors,  F(x)theor’  were 
calculated  using  an  ALGOL  program  OXDS  (Ro  69)  which  includes 
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the  effects  of  the  large-angle  scattering  and  the  nuclear  stopping 
power,  as  well  as  the  electronic  stopping  power  based  on  the 
Lindhard  theory.  The  results  agree  with  Blaugrund's  calculations 
to  within  10%  over  most  of  the  range  of  F(x).  Typical  F(x) 
versus  x  curves  are  shown  in  Figs.  30  and  31*  Contribution  of 
cascade  gamma-rays  to  F(x)  was  taken  into  consideration  by 
eq .  (III. 38) . 

(d)  Nuclear  lifetimes  and  transition  probabilities 

Lifetimes  x  for  the  excited  states  in  53Mn  under  investiga¬ 
tion  were  extracted  from  the  F(x)  versus  X  curves  and  the  measured 
F(x)  values. 

Two  types  of  errors  contribute  to  the  lifetime  obtained 
from  the  Doppl er-sh i f t  measurement.  The  first  of  these  is 
simply  the  error  in  the  measured  F(x),  which  arises  primarily 
from  the  statistical  uncertainty  in  the  determination  of  the 
centroid  shift,  AE .  Uncertainties  in  the  initial  recoil  velocity, 
V 0,  and  detector  angles  make  small  contributions  to  this  error. 

The  second  type  of  error  is  associated  with  uncertainties  in  the 
stopping  powers  used  to  evaluate  the  theoretical  attenuation 
factor.  Under  the  present  considerations,  it  can  be  expected 
that  the  accuracy  of  experimental  F(x)  determinations  i s  ~  1 0% 
and  the  accuracy  of  an  F(x)  calculation  is  approximately  15  to 
20%. 

The  total  transition  probabilities  T  can  be  obtained  from 
the  measured  lifetimes  x  using  eq .  (111.43)  and  the  partial 
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Fig.  30 


A  typical  F(t)  versus  t  curve  for  the  1.440  MeV 
level  of  53Mn  (E  =  4.9  MeV). 
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Fig.  31  F(t)  curves  corresponding  to  53Mn  ions  recoiling 

with  various  initial  velocities.  Numbers  indicate 
energies  (in  MeV)  of  excited  states  in  53Mn. 
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transition  probabilities  T(aL)  are  deduced  from  the  total 
transition  probabilities  T,  the  measured  multipole  mixing 
ratios  6  and  branching  ratios,  using  eqs.  I  II. 51  -  54. 

The  reduced  transition  probabilities,  B (M 1 )  and  B ( E2 ) 
can  also  be  obtained  from  the  measured  lifetimes  t  by  means 
of  eqs.  (III. 48)  and  (111.49). 

3.4  Experimental  Results 

Typical  gamma-ray  coincidence  spectra  and  centroids  of 
the  gamma-ray  peaks  to  be  investigated  are  shown  in  Fig.  32 
and  table  5,  respectively.  A  summary  of  the  lifetimes  of 
low-lying  excited  states  in  53Mn  derived  from  the  attenuated 
Doppler  shifts  is  given  in  table  6. 

The  present  results  of  the  lifetimes  are  compared  with 
those  of  other  recent  measurements  (Go  66,  Gu  70,  Ma  70). 

As  seen  in  table  6,  agreement  of  the  present  results  with 
other  experiments  is,  in  general,  very  good. 

In  table  7,  the  measured  lifetimes  are  compared  with  the 
values  predicted  by  the  Intermediate  Coupling  model  (Chapter  IV) 
and  the  single-particle  estimates  (B1  52,  Mo  66).  It  may  be 
seen  from  table  7  that  there  is  good  agreement  between  the 
lifetimes  obtained  in  the  present  experiment  and  those 
predicted  by  the  Intermediate-Coupling  model.  It  is  also  found, 
in  Chapter  IV,  that  the  experimental  reduced  transition  probab¬ 
ilities,  B (M 1 )  and  B(E2)  are  in  good  agreement  with  the 
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Fig.  32 


Doppler  shifted  coincidence  spectra  of  gamma-rays 
observed  at  0°  and  120°. 
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Table  5 

Centroid  calculations. 


State 

(MeV) 

1.288 

1.440 

1.619 

2.272 

2.405 

2.572 

2.670 

2.687 

2.876 


Transition  Centroids  (channel  no.) 


(MeV) 


1 .288  ■+ 

0.378 

4oi .28 

1.288  + 

0 

572.67 

1.440  ■+ 

0 

639.87 

1 .619 

0 

723.18 

2.272 

0 

1020.86 

2.405  -► 

0 

1081 .72 

2.572  -► 

0 

1157-84 

2.670  ^ 

1  .288 

613.93 

2.687  -► 

0 

1209.97 

2.876  + 

0.378 

1 123.02 

0°  120° 

+  0.11  401.26  +  0.29 

+  0.13  572.44  +  0.16 

+0.15  639.05  +0.17 

+0.15  722.50  +  0.29 

+0.18  1019.70  +  0.29 

+  0.31  1079.46  +  0.35 

+  0.35  1154.24  +  0.42 

+  0.35  613.01  +  0.27 

+  0.22  1206.79  +  O.32 

+0.39  1120.36+0.86 
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Intermediate-Coupling  results. 

(a)  The  0.378  MeV  level 

The  half-life  of  the  0.378  MeV  state  was  measured  with  the 
del ayed-co incidence  technique,  to  be  =  1 1 7  +  6  ps,  i ,e. ,  the 
mean  lifex  =  1 69  9  ps  (Go  66).  In  the  present  experiment,  no 

Doppler  shift  was  found  for  the  gamma-ray  from  this  level. 

(b)  The  1 .288  MeV  level 

In  the  earlier  work  by  Gutowski  (Gu  70) ,  the  lifetimes  of 
the  1 .288  MeV  state  were  found  to  be  t  =  1  .5*n  ps  (or  t  >  0.2  ps). 

In  the  present  experiment,  there  were  found  small  Doppler 
shifts  for  the  1 .288  MeV  (1 .288  +  0)  and  the  0.910  MeV  (1.288+ 
0.378)  gamma  rays.  The  lifetime  results  for  the  two  transition 
gamma  rays  showed  internal  consistency.  The  average  lifetime  for 
this  level  was  determined  to  be  t  >  0.19  ps;  this  is  consistent 
with  the  value  obtained  by  Gutowski.  The  experimental  value  is 
in  agreement  with  the  prediction  of  the  Intermediate  Coupling 
mode  1 ,  t  =  0.45  ps . 

(c)  The  1.440  MeV  level 

The  lifetime  of  this  level  was  determined  to  be  0.21^*^  ps 
in  the  present  experiment.  The  present  value  is  in  agreement 
with  that  of  Gutowski ,  x  =  8.0_7  ps  (or  t  >  0.3  ps)  within 
error,  and  also  with  the  calculated  value  based  on  the  Inter¬ 
mediate-Coupling  model,  0.38  ps. 
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(d)  The  1.619  MeV  level 

The  lifetime  of  this  level  has  not  been  previously  reported. 

In  the  present  experiment,  the  lifetime  was  determined  to  be 
0 . 29^q  Ps  •  This  value  is  consistent  with  the  predi  cted 
value  by  the  Intermediate-Coupling,  t  =  0.10  ps. 

(e)  The  2.272  MeV  level 

The  lifetime  of  this  level  has  been  previously  measured  by 
Maripuu  (Ma  70)  to  be  t  >  0.12  ps.  The  lifetime,  t  =  0.31+^*f^ 
ps ,  obtained  in  the  present  work  is  consistent  with  the  result 
of  Maripuu.  It  is  seen,  in  table  7,  that  the  experimental 
value  is  in  agreement  with  the  predicted  one. 

(f)  The  2.405  MeV  level 

The  present  lifetime,  t  =  0.12*°'^  ps,  is  consistent  with 
T  >  0.12  ps  obtained  by  Maripuu  (Ma  70).  The  Intermediate- 
Coupling  model  does  not  predict  the  experimental  lifetime  of 
the  2.405  MeV  level  which  may  be  assumed  to  be  a  single-particle 
state . 


(g)  The  2.572  MeV  level 

The  lifetime  of  this  level  has  been  previously  reported  by 

Maripuu  (Ma  70)  to  be  T  =  O.OSO^'^q  Ps  •  The  value,  T  =  0.042 

+0.058  0bta;ned  in  the  present  experiment  is  in  agreement 
~0 .035 


with  the  result  of  Maripuu. 
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(h)  The  2.670  MeV  level 

Previously,  Maripuu  (Ma  70)  reported  the  lifetime  of  this 
level  from  the  (p,y)  reaction  to  be  T  =  0.030^'^^  ps .  This 
value  is  in  agreement  with  the  present  result,  T  =  0.1^*^  ps 
within  error. 

(i)  The  2.687  MeV  level 

The  lifetime  of  this  level  has  not  been  previously  reported. 
In  the  present  work,  the  value  T  =  0.072+q*^  ps  has  been 
obtained.  In  table  7,  it  is  seen  that  the  experimental  value  is 
in  good  agreement  with  the  Intermediate-Coupling  prediction, 
t  =  0.06  ps.  It  is  also,  in  Chapter  IV,  found  that  the  experi¬ 
mental  values  of  B(Ml)  and  B(E2),  17«5+o4^  (in  10  3  x  n.m2)  and 
0.072^q*q^  (in  102  x  e2*fm4),  are  in  excellent  agreement  with 
those  predicted  by  the  Intermediate-Coupling  model,  18.3  (in 
10  x  n.m2)  and  0.056  (in  102  x  e2,fm4),  respectively. 

(j)  The  2.876  MeV  level 

The  lifetime  of  this  level  has  been  previously  reported  by 
Maripuu  (Ma  70)  to  be  T  =  0.040  +_  0.07  ps .  The  value  of  t  = 
0.065+^*^?  ps  obtained  in  the  present  work  is  consistent  with 


the  result  of  Maripuu. 


e  sr  11  A 


- 


Summary  of  lifetimes  in  JMn. 
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Table  7 


Compar i son 

of  theoretical  and 

experimental 

1 i fet imes  i n  53Mn . 

State 

T  (ps) 

(MeV) 

Expe  r iment 

1 ntermed i ate 
Coupl i ng 

We  i sskopf 
est i mates 

1  .288 

>  0. 19 

0.45 

0.023 

1 .44o 

0.38 

7.2 

1  .619 

0.10 

0.006 

2.272 

.  _ . +0 . 49 
°-3,-0.15 

2.405 

.  , _ +0 . 14 

0  *  2-0. 05 

0.03 

0.002 

2.572 

1  +0 . 058 
°-0k2-0.035 

2.670 

°-'°-o:o7 

0.006 

2.687 

0.06 

0.0009 

2.876 

o-o65:o:o0!4 

0.0011 

CHAPTER  IV 


NUCLEAR  MODEL  CALCULATIONS 

A . 1  l nt  roduct ion 

The  atomic  nucleus  is  a  system  composed  of  many  particles 
which  interact  with  each  other  in  a  complicated  and  only  partly 
understood  fashion.  It  is  not  possible  to  obtain  an  exact  theory 
of  such  a  complicated  structure  with  our  present  mathematical 
techniques.  Therefore,  in  order  to  give  some  theoretical  account 
of  the  nuclear  properties,  it  is  necessary  to  construct  simple 
models  of  the  nucleus  which  may  approximate  the  true  nuclear 
system  as  closely  as  possible.  The  success  of  a  model  is  then 
judged  by  the  extent  to  which  theory  and  experiment  are  in 
agreement.  The  two  most  successful  nuclear  models  are  the  shell 
model  and  the  collective  model,  which  will  be  considered  in  this 
chapter. 

The  shell  model  is  based  on  the  basic  assumptions: 

(i)  the  nucleus  can  be  described  in  terms  of  particles 
moving  in  a  spherically  symmetric  potential  well, 

(ii)  there  is  a  strong  force  coupling  together  the  spin 

angular  momentum  and  orbital  angular  momentum  of  each 
particle,  and 

(iii)  there  is  a  large  pairing  energy. 

The  consequences  of  the  pairing  energy  assumption  are  that  even- 
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even  nuclei  have  zero  angular  momentum  in  the  ground  state,  and 
that  the  properties  of  odd-even  nuclei  can  be  described  in  terms 
of  the  possible  states  available  to  the  single  odd  nucleon. 

The  shell  model  (Ma  49,  Ha  49)  accounts  for  a  number  of 
experimental  facts  bearing  on  the  ground  states  and  low-lying 
excited  states  of  nuclei.  However,  there  remain  a  number  of 
problems  which  are  completely  inexplicable  in  terms  of  the  simple  shell 
model,  such  as  anomalously  large  nuclear  quadrupole  moments  and 
radiative  transition  probabilities. 

The  collective  model,  also  known  as  the  unified  model,  is 
based  on  the  combined  ideas  of  the  shell  model  and  the  liquid 
drop  model.  In  the  liquid  drop  model  (Bo  39),  the  nucleus  behaves 
in  a  manner  similar  to  that  of  a  liquid  drop.  It  gives  a  good 
description  only  of  the  average  behavior  of  the  nucleus,  for 
example,  nuclear  binding  energies  and  the  semi -empi rical  mass 
formula . 

The  collective  model  was  first  formulated  by  Bohr  (Bo  52) 
and  Bohr  and  Mottelson  (Bo  53),  following  the  suggestion  by 
Rainwater  (Ra  50)  that  the  deformation  of  the  nucleus  from  a 
spherical  shape  might  be  due  to  an  interaction  between  the 
nucleons  in  the  unfilled  shell  and  the  filled  shells  (or  "core"). 
The  model  has  been  extended  and  developed  in  various  ways  by 
many  authors,  e.g.,  in  strong-coupling  by  Nilsson  (Ni  55)  and 

i 

in  intermediate-coupling  by  Choudhury  (Ch  54). 

The  nuclear  shape  depends  on  the  configuration  of  the 
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nucleons.  In  the  closed-shell  regions  where  the  nuclear  shape 
is  spherical,  the  shell  model  applies  well.  In  the  vicinity 
of  closed  shells,  the  equilibrium  shape  is  approximately 
spherical,  and  the  energy  level  scheme  is  expected  to  be 
vibrational.  In  regions  far  removed  from  closed  shells  where 
the  nuclear  equilibrium  shape  deviates  strongly  from  spherical 
symmetry,  the  energy  levels  can  be  classified  as  being  vibra¬ 
tional  and  rotational.  In  the  mass  regions  A  ~  25,  150  <  A  < 

190,  and  A  >  220,  in  particular,  the  nuclei  are  strongly  deformed 
and  strong-coupling  rotational  motion  is  predominant.  Outside 
the  rotational  regions  and  excluding  the  closed  shells,  the 
intermediate-coupling  approach  has  been  applied  successfully  to 
nuclei  in  the  mass  regions  30  <  A  <  1 50  and  1 90  <  A  <  220. 

A. 2  The  Nilsson  Model 

(a)  Theory 

The  single-particle  states  in  the  deformed  nuclear  field  were 
first  introduced  by  Nilsson  (Ni  55).  The  Nilsson  model  has  been 
successfully  applied  to  odd  mass  nuclei  in  the  rotational  regions 
by  many  authors  (Li  58,  Bi  60) . 

The  nuclei  in  the  medium  weight  region,  30  <  A  <  1 50 ,  are 
assumed  to  be  spherical  in  shape  and,  away  from  closed  shells, 
are  expected  to  be  collective  vibrational  in  character.  However, 
some  recent  nuclear  studies  (Go  62,  So  69)  have  indicated  that 
the  nuclei  in  the  transition  region,  e.g.,  chromium  and  iron 


' 


» 


- 


isotopes,  possess  permanently  deformed  shapes.  Therefore,  the 
strong  coupling  model  of  Nilsson  might  be  also  applicable  for 
f-p  shell  nuclei  in  the  medium  weight  region. 

Nilsson's  single-particle  states 

Nilsson's  total  Hamiltonian  is  given  by  (Ni  55) 

O 

H  =  Ho  +  H6  +  d*S  +  D  P  , 

o  o 

where  H0  +  H^  =  H0  is  the  harmonic-oscillator  Hamiltonian,  HQ 
spherically  symmetric  term,  H^  the  coupling  of  the  particle  to 
the  axis  of  the  deformation,  C£*S  the  usual  spin-orbit  term 
and  D£2  a  correction  to  the  oscillation  potential. 

Here , 


H, 


-  —  A1 

2M  a 


+  j  (03/  x ' 2 


wy2y'2 


+  03- 


2) 


o  2  2 

H0  =  tiooo  j  (-A+  r2)  ;  ^2  =  (1  +  j6)  =  o)y 

H6  =  -6  -Kuo  J  r2  Y20  ;  u22  =  to02  (1  -  3-5) 


;  03  oj  co  =  const. 
’  x  y  z 


;  03o(6) 


o 

03q 


(1  -  36  "276  ) 


X 

6 


(IV. 1) 


(IV. 2) 


where  x',  y‘  and  z'  are  the  coordinates  of  a  particle  in  a 
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coordinate  system  fixed  in  the  nucleus  ;  the  deformation 
parameter  6  is  related  to  the  quantity  3  used  in  the  paper  by 

o 

Bohr  and  Mottelson  (Bo  53)>  is  the  value  of  w0(6)  for  6  =  0. 

The  quantum  numbers  £,  A  and  E  corresponding  to  £2,  £z 
and  Sz  respectively  for  the  single-particles,  which  all  commute 

O 

with  Ho,  are  used  as  basic  vectors: 

Ho  |  N£  AE  >=  (N  +  ^-)  -h0)o  |  N  A  A  E  >  , 

A  +  E  =  ft  ,  (IV.  3) 


where  the  quantum  number  N  represents  the  total  number  of 
oscillator  quanta,  and  ft  is  the  quantum  number  corresponding 
to  the  commuting  operator  jz  =  &z  +  Sz. 

Nilsson  introduced  new  parameters  y,  K,  and  ri  instead  of 
C  and  D  : 


K  = 


C 

4iW0 


y  = 


n 


6 

K 


WQ  (^) 

o 

Wo 


62 


1  6  ^3 
-  27  S 


1 

T 


(IV. 4) 


It  is  then  convenient  to  write  : 


- 


. 
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O 

H  -  Ho  =  H6  +  d-S  +  D l1 


o 

=  kTkjOq 


r2  Y2q  ~  2  £•§ 


KfiSo 


R 


(IV. 5) 


The  eigenvalues  (q)  and  the  expansion  coefficients  of  the 

eigenvectors  are  obtained  by  diagonalizing  the  dimensionless 
matrix  R  in  the  representation  chosen.  The  corresponding 
energy  eigenvalues  of  the  total  H  are  then  given  as 


=  (N  +  \)  ficoo  (6)  +  ichwo  rN^(n) 
a  a  2  '  a 


(IV. 6) 


In  the  above,  k  and  y  are  used  as  free  parameters  varying 
from  shel 1  to  shel 1 . 

A  computer  program  NILSSON  (Ch  71b)  was  used  in  the  present 
Nilsson  model  calculations.  In  this  program,  the  "asymptotic" 
quantum  numbers  K[N  nz  A]  are  used  to  distinguish  the  different 
single-particle  states  in  a  non-spheri cal  field  according  to 
Mottelson  and  Nilsson's  notations  (Mo  59)*  Here  K  represents 
the  component  of  the  total  angular  momentum  along  the  symmetry 
axis,  N  is  the  total  number  of  nodes  in  the  wave  function, 
nz  is  the  number  of  nodal  planes  perpendicular  to  the  symmetry 
axis,  and  A  is  the  component  of  the  particle's  orbital  angular 
momentum  along  the  symmetry  axis. 


‘ 


. 


■ 
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A  description  of  spectra  of  a  particular  nucleus  can  now 
be  attempted  in  terms  of  rotational  bands  built  on  intrinsic 
single-particle  states. 

Rotational  spectra 

The  total  Hamiltonian  of  the  nuclear  system  can  be  written 
as  (Ma  66) 


H  = 


H 

p  2J 


H 

p  2J 


[I2  ♦  j2  -  2(H)]  , 


(IV 


where  represents  the  single-particle  Hamiltonian  and  is 

-y  -y 

usually  the  Nilsson  Hamiltonian.  The  (l*j)  term  is  called 
Coriolis  coupling  or  rotation-particle  coupling  term  (RPC 
term).  In  the  usual  procedure,  the  coupling  term  ( I  •  j )  and  the 
term  j  are  either  omitted  or  treated  in  the  first  order 
perturbation  theory. 

The  total  wave  function  describing  the  state  of  the 
nucleus  is  a  product  of  the  rotation  wave  function  and  the 
single  particle  wave  function.  It  can  be  written  as  (Da  65)  : 


I ElMK  >  =4 =  E  C  [  |  LMK> | jft>  +  (-) l_j  |  IM-K  >  | .  (IV 

/2  j  JM 

In  the  even-even  nucleus,  the  rotational  energy  spectrum 
is  simply  given  by  (Bo  5*0 


'  r  •  ?  r;  !  ► 


115 


Hi 

2J 


I  (1  +  1) 


(IV. 9) 


with  I  =  0,2,4.  .  .  , 

where  J  is  the  effective  moment  of  inertia  of  the  nucleus 
undergoing  collective  rotations  and  I  is  the  total  angular 
momentum  quantum  number  of  the  nucleus. 

In  the  odd-A  nucleus,  the  total  angular  momentum  I  is 
given  by  the  sum  of  the  angular  momenta  of  the  last  odd  particle 
and  the  rotational  core,  j  and  R,  respectively: 

T  =  j  +  R  .  (IV. 10) 

The  rotational  motion  is  then  characterized  by  the 
quantum  numbers  I  ,  M  and  K,  representing  the  total  angular 
momentum,  its  projection  on  the  space  fixed  axis  (z-axis), 
and  its  projection  on  the  intrinsic  nuclear  axis  (z'-axis), 
respectively.  The  nuclear  coupling  schemes  are  illustrated 
in  Fig.  33. 

The  energy  of  a  state  with  spin  I  belonging  to  a  rota¬ 
tional  band  K  is  given  by  (Pr  62) 

E,k  =  Ek  +|i  [I  (I  +  1)  -  2K2  +«K>,  a(-)l+  i  (l+i)]  (IV. 11) 


with  I 


K,  K  +  1  ,  K  +  2,  .  . 


y 


n  |  i .  :  t  r  :  j  iritj  cx 
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where  E  is  the  energy  of  intrinsic  motion,  and  a  is  the 
K 


1 1 


decoupling  parameter"  resulting  from  the  Coriolis  coupling 


term.  The  decoupling  parameter,  a  ,  may  be  expressed  in  terms 
of  the  expansion  coefficients  of  the  wave  function  (see 
eq.  IV. 8)  : 


a  =  -  ^  (-)j  +i  (j  +  i)  |  C  J2  .  (IV.  12) 

j  J 

For  K  =  i,  the  sequence  of  energy  levels  depends  on  the 
decoupling  parameter  a  (see  Fig.  10-9  in  ref.  Pr  62). 

In  the  ground  state  of  each  K  band,  R  is  perpendicular 
toz1,  i  .e.  ,  K  =  SI  (Bo  53,  Ni  55) . 

The  energy  difference  in  a  rotational  band  between  the 
excited  level  with  spin  I  and  the  intrinsic  state  with  spin 
K  is  given  by 

2 

A  E)k  -  jj  [1(1  +1)  +  a  (-)'  +i  (I  +i)  SK;,] 

-  j}  [  K  (K  +  1)  +  a  (-)K+i  (K+A)<$m  ]  .  (IV.  13) 


At  the  edges  of  the  rotational  regions,  there  is  a 
systematic  deviation  from  the  perfect  rotational  spectrum. 
This  deviation  can  be  fitted  by  a  correction  term  (Li  58) 


301  .  9f  ;  !> 

rt3iw  lavsf  bdj  f  4>x9 


■■  r  ©  ii,  1  J  '\ 


. 
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eik  ■  ir  [l  (,  +  ,> +  fiK.i  a  (-)l  +  i  (1  +  i)] 

+  B  [I  (I  +1)  +  «K>i  a  (-)'  +i  (I  +  i)]2  ,  (IV. lit) 

where  B  is  the  vibration-rotation  interaction  parameter. 

When  there  are  two  rotational  spectra  corresponding  to 
the  close  configurations  K  and  K  +  1,  the  states  with  the 
same  I  of  the  bands  will  be  mixed  by  the  RPC  (Ke  56).  Malik 
and  Scholz  (Ma  66)  have  calculated  level  spectra  of  53Mn  using 
the  strong-coupling  rotational  model  with  band  mixing. 

The  electromagnetic  properties 

Electromagnetic  moments  and  transition  probabilities  of 
the  rotating  nucleus  have  been  discussed  by  many  authors 
(Bo  53,  Bo  5*t,  Ke  56,  Ma  67)  and  will  not  be  repeated  here. 

In  the  unified  model,  there  is  a  selection  rule  for  gamma- 
ray  transitions  which  has  been  discussed  by  Alaga  et  al ♦ (A1  55)- 
For  a  transition  of  multipole  order  L  from  a  level  in  a 
rotational  band  characterized  by  K.  to  a  level  in  a  band 
characterized  by  K^.,  the  selection  rule  is 

AK  E  |  K.  -  Kf|  <_  L  .  (IV. 15) 

The  degree  of  forb  iddeness ,  \>,  is  given  by 


v 


AK  -  L 


(IV. 16) 
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Fig.  33 


The  nuclear  coupling  scheme  on  an  odd-A 
nucleus . 

(a)  shows  the  coupling  in  the  ground  state, 

(b)  the  coupling  in  the  general  case. 


and 


z 


(a) 
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For  transitions  that  violate  this  rule,  the  transition 
probabilities  will  be  retarded,  rather  than  completely 
forbidden.  Such  transitions  are  referred  to  as  K-forbidden. 

(b)  Application  to  53Mn 

In  the  present  work,  attempts  were  made  to  calculate  the 
energy  levels  of  53Mn  in  the  framework  of  the  Nilsson  model 
without  band  mixing. 

The  eigenvalues  for  the  Nilsson-model  Hamiltonian  for  the 
oscillator  number  N  =  3  with  the  specified  values  of  the 
parameters,  y  and  k,  are  plotted  in  Fig.  34  as  a  function  of 
the  deformation  parameter  6.  The  values  of  the  Nilsson-model 
parameters  used  in  this  calculation  are  those  obtained  in 
this  mass  region  by  Sood  (So  69),  i.e.,  y  =  0.44,  k  =  0.07. 

This  figure  shows  the  expected  relative  ordering  and  spacing  of 
various  single-particle  Nilsson  states  on  which  rotational 
levels  are  to  be  built. 

The  ground-state  spin  of  the  nucleus  is  usually  determined 
by  the  lowest  state  of  a  band  based  on  the  Nilsson  state 
occupied  by  the  last  odd  nucleon.  The  excited  states  are 
obtained  from  the  rotational  states  based  on  this  ground-state 
band  and  from  other  rotational  states  built  on  particle  bands 
and  hole  bands.  Particle  bands  are  constructed  by  placing  the 
last  unpaired  nucleon  in  any  of  the  unoccupied  states  and  hole 
bands  (or  core-excited  states)  are  constructed  by  lifting  a 
core  particle  and  pairing  it  with  the  odd  nucleon. 
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f,9-  34  The  Nilsson  model  energy  diagram.  Parameters  used 
are  b  =  0.44  and  k  =  0.07;  the  single-particle 
states  are  expressed  in  terms  of  the  "asymptotic" 
quantum  numbers  K  [N  nz  A]. 


However,  as  far  as  the  particle  bands  are  concerned  in  Fig.  3^, 
the  lowest  state  of  a  band  based  on  the  Nilsson  level  occupied 
by  the  last  odd  proton  does  not  predict,  at  a  first  glance, 

Tf  "7 

the  observed  ground-state  spin  of  53Mn,  J  =  ,  since  the 

5  3 

ground  state  configuration  for  25Mn28  maY  taken  to 
(see  Fig.  3*0 


v  ^2  0Ca28;  for  a  positive  6,  (IV 

4  8 

V  (20Ca28I  (|-)2  (|*)2  (j)1}  for  a  negative  6,  (IV 


where  v  represents  the  proton  configuration.  That  is,  in  the 
ground  state  configuration,  the  last  odd  proton  occupies  the 
Nilsson  particle  states  y  [312]  and  ~  [321]  for  a  positive 
deformation  and  a  negative  deformation,  respectively,  indie- 
ating  J  =  —  or  ^  for  the  ground-state  spin  depending  on  the 
s i gn  of  6 . 

In  the  hole  bands,  the  ground-state  configuration  for  a 
negative  6, 


48 

v  {  Ca  ; 

20  28 


(f)2  (f)2} 


(IV 


IT  / 

would  reproduce  the  correct  spin,  J  =  —  ,  for  the  ground 
state  of  53Mn .  Therefore,  in  the  present  calculations,  it 
was  assumed  that  the  rotational  spectra  in  the  levels  of 


- 


53Mn  were  built  on  the  two  hole  bands  [303]  and  ~  [312], 

•3  1 

and  on  the  two  particle  bands  y  [321]  and  j  [330]  for  a 
negative  6. 

H2 

The  rotational  constant  A  =  jj  is  usually  a  free 
parameter.  The  present  values  of  A  =  179-9  keV  and 

a  =  ”2.0  were  determined  by  the  best  fit  of  rotational  levels 
to  a  given  number  of  experimental  levels.  The  parameters  used 
in  the  present  calculations  are  listed  in  table  8.  The 
calculated  energy  levels  of  53Mn  are  shown  in  Fig.  35  and 
compared  with  the  values  computed  with  the  band  mixing  by 
Malik  and  Scholz  (Ma  66). 


Table  8 


Parameters  used  in  the  Nilsson  model  calculations  in  53Mn. 
The  values  of  the  Nilsson  model  parameters,  y  and  k, 
are  those  obtained  in  this  mass  region  by  Sood  (So  69). 


y 

K 

6 

A  =1x 

a 

o.kk 

0.07 

-0.1 

179.9  keV 

-2.0 

In  the  band  mixing,  Malik  and  Scholz  (Ma  66)  included  all 
bands  based  on  the  ten  available  single-particle  and  core- 
excited  levels  in  the  f-p  shell  and  obtained  the  final  spectra 
by  diagonalizing  the  Coriolis  interaction  with  rotational  wave 
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Fig*  35  The  calculated  energy  levels  of  53Mn  based  on  the 
Nilsson  model.  The  present  calculated  levels 
without  band-mixing  are  compared  with  the  observed 
levels  and  the  computed  levels  with  band-mixing 
by  Malik  and  Schol z. 
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functions.  They  attributed  the  ground-state  spin  in  in 
Hn  to  the  occurrence  of  a  low-lying  —  state  in  the 
decoupled  K  =  i  band  based  on  the  Nilsson  state  j-  [330 J 
together  with  the  strong  Coriolis  coupling. 

As  seen  in  Fig.  35  *  both  calculations  without  band¬ 
mixing  and  with  band-mixing  are  not  very  satisfactory  for 
reproducing  the  experimental  levels  in  53Mn. 

In  the  present  calculations,  the  four  spins,  —  ,  —  , 

3~  9~ 

2  and  2  'n  the  low-lying  states  are  well  reproduced,  although 
the  first  excited  state  )  is  predicted  at  a  higher  position. 
A  spin  of  at  about  2.2  MeV  would  correspond  to  the  experi- 

mental  level  of  j  in  this  region.  However,  the  model  does  not 
predict  a  low-lying  spin  of  ~  at  1.4  MeV. 

4. 3  The  Shel 1  Model 

The  method  of  effective  interactions  in  the  shell  model 
was  first  suggested  by  Talmi  (Go  56,  La  57>  Ta  58)  and  has 
been  successfully  applied  to  many  nuclei  (Ta  62,  Ta  67). 
According  to  this  method,  it  is  sometimes  possible  to  determine 
the  excitation  energies  of  the  states  of  a  jn  configuration  by 
making  use  of  the  experimentally  measured  splittings  of  the 
j2  configuration  in  terms  of  the  coefficients  of  fractional 
pa  rentage . 

Forapure(lf7  )  configuration,  one  obtains  only  six 

T  7"  5" 

energy  levels  (La  5 7 »  Me  64) ,  i .e. ,  0.0  (^-  ) ,  0.25  (y  ) , 


•;  ■  A 


. 

■ 
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1*30  (y  )  ,  1.75  (-y-  )  ,  2.0k  (y  )  and  3-10  (■—■  )  .  Another 
serious  discrepancy  in  this  model  is  that  Ml  transitions 
between  the  states  are  forbidden,  which  is  in  contradiction 
to  observation  of  these  transitions,  indicating  the  use  of 
configuration  mixing. 

Lips  and  McEllistrem  (Li  70)  carried  out  calculations 
with  configuration  mixing  in  the  framework  of  the  effective 
interaction  method  for  the  nuclei  with  N  =  28  and  20  <  z  < 

n  _  i 

28,  allowing  states  with  proton  configurations  ( 1 f 7  2p3  ) 

-1  "2"  7 

and  (If "  lf5  )  as  well  as  the  pure  (lf^). 

2  2  2 
In  the  effective  interaction  method,  the  single  particle 

energies  and  the  two-particle  matrix  elements  are  used  as 

free  parameters  for  the  best  least-squares  fit  to  experimental 

1 evel s . 

In  their  calculations,  Lips  and  McEllistrem  found  that 

the  ground  state  of  53Mn  was  more  than  98%  (1f7  ),  the 

2 

three  lowest  excited  states  in  53Mn  were  more  than  80%  (lf7  ), 

n  r 

and  the  fourth  excited  state  (~  )  was  about  k0%  (lf-^  ).  The 

-  -  1  2 

1 1  9 

order  of  the  —  and  y  levels  was  inverted,  and  the  experi¬ 
mental  values  of  the  Ml  transition  rates,  the  mixing  ratios 
and  the  branching  ratios  were  not  reproduced  successfully. 

The  calculated  energy  levels  are  shown  in  Fig.  39-  However, 
the  mixed-configurations,  in  general,  provide  a  much  improved 
model  to  describe  the  levels  of  53Mn  over  the  pure  configura¬ 


t ions . 


. 


> 
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4.4  The  Intermediate  Coupling  in  the  Unified  Model 

In  the  present  calculations,  the  intermediate-coupling 

model  has  been  applied  to  51V  and  53Mn,  which  are  "equivalent" 

±3 

pair  nuclei,  i.e.,  the  proton  (lf.7  )  configurations. 

2 

The  intermediate  coupling  model  was  first  introduced  by 
Bohr  and  Mottelson  (Bo  53)  and  further  developed  by  Choudhury 
(Ch  54),  and  has  been  successfully  applied  to  account  for 
properties  of  the  low-lying  levels  in  many  nuclei  in  various 
mass  regions  ( G 1  60,  Ch  66,  Ch  71  >  Ch  71a).  In  this  model, 
an  odd-mass  nucleus  is  described  by  coupling  one  nucleon  to 
an  even-even  vibrating  core.  In  the  present  calculations  of 
Cjl\l  and  53Mn  each  with  28  neutrons,  the  odd  protons,  having 

available  the  f7  ,  f_5  and  p3_  states,  are  coupled  to  the 

T  2  2 

quadrupole  type  collective  surface  vibrations  of  their  even- 
even  50T i  and  52Cr  cores . 

(a)  Theory 

Since  detailed  descriptions  of  the  intermediate  coupling 
model  have  appeared  in  the  original  papers  (Ch  54),  only  a 
brief  survey  of  the  required  formulae  is  given  here. 

The  total  Hamiltonian  for  the  core-particle  system  is 
of  the  following  form: 

=  Hc  (a 2V]  +  Hp(x)  +  Hint  Ca2u ’  X }  ’ 


H 


(IV. 20) 


- 

- 

a  it  c  -  •'  ID  *  -  ‘ 
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where  are  the  collective  coordinates  as  defined  by  Bohr 

and  Mottelson  (Bo  53)  and  x  the  single  particle  coordinates. 
The  core  Hamiltonian  H  and  the  core-particle  interaction 
Hamiltonian  H.  are  given  by 


Hc  -  I  {  jB|a2y|2  +  Ic  |a2y|2}  .  (IV.21) 

Hint  "  '  K(r>  l  S  %  +  (-)U  b-p>  Y2p  (9’^  ’  (IV‘22) 

y 


where  B  is  the  mass  parameter,  C  the  nuclear  deformab i 1 i ty , 

K(r) 

is  the  strength  function  related  to  the  radial  dependence 
of  the  real  potential  for  the  extra  nucleon,  fiu)  the  phonon 
excitation  energy  of  the  doubly  even  core,  b^  and  bj*  the 
annihilation  and  creation  operators,  and  the  spherical 
harmonic  operator. 

Introducing  the  dimensionless  coupling  parameter  £  , 


5  -  K  , 

V2tt+iu)C 

where  the  coupling  constant  K  =  <K(r)>  is  taken  to  be  kO  MeV 
and  the  harmonic  oscillator  frequency  U)  is  defined  by 


(IV. 2k) 


int 


the  interaction  Hamiltonian,  H 


is  rewritten  as 


. 


.  |  !  f  rig 
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H.nt  =  -S-hio/i^  l  (b(j  +  (-^  b.f)  Y2p  (6,*)  .  (IV. 25) 

y 

The  basis  eigenvectors  of  the  coupled  system  are 
denoted  by 

|  j  ;  NR;  IM>  =  Xj  (j  R  mm1  |  j  RIM)  |  jm>  |  NR  m‘>  ,  (IV. 26) 

where  (  j  R  m  m1  |  j  RIM)  is  the  Clebsch-Gordan  coefficient, 
j  the  single  particle  angular  momentum  and  N  the  number  of 
phonons  of  the  core  angular  momentum  R  .  In  the  above  defini¬ 
tion  it  follows  that: 

(H  +  H  )  |  j  ;  NR;  IM  >  =  (Nfiu>  +  E . )  |  j  ;  NR;  I M  >  ,  (IV.  27) 

c  p  j 


where  Ej  is  the  energy  of  the  single  particle.  The  matrix 

elements  of  H.  ^  are  calculated  (Ca  71)  : 
i  nt 


<j  ■  jN’R1  ;  IM|H.nt|  j;NRj  IM> 


(-)R,+j'-|+1  If 


x  /2j'  +  1  <j  '  II  Y2||  j>  /2R+1  <N  1  R‘  I!  b  ||  NR> 


x  W(J J 1 RR' ; 2  I )  for  N*  <  N  , 


(IV. 28) 


where  W(jj'RRl;2l)  is  the  Racah  coefficient  (Ro  57)  and 
<N  1  R  1  ||  b  |  [  NR>  and  <j  1  ||  Y2  ||  J>  the  reduced  matrix  elements 


- 
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defined  in  Choudhury's  paper  (Ch  5^0*  The  selection  rules 
resulting  from  eq.  ( I V .  28)  are  AN  =  1  ,  AR  <_  2,  Aj  <_  2  and 
A£  =  0,2.  The  eigenfunctions  of  the  total  Hamiltonian  are 

a  linear  combination  of  the  basis  vectors  : 


E;IH>  =  ZZ!  A  (E)  |  j;  NR;  IM> 
j , NR  J’NR 


(IV. 29) 


where  E  and  ^  (E)  are  the  eigenvalues  and  the  expansion 
coefficients,  respectively,  which  are  obtained  by  diagonalizing 
the  total  Hamiltonian  H. 

The  multipole  operators  used  in  the  calculation  of  electro¬ 
magnetic  transition  rates  are  the  following  : 
for  the  electric  quadrupole  (Ch  67)  , 


Me(2,u)  =  (ep  ‘  7T  )  r2  Y2y  +  W  Ze  R°  Vu  ’  (IV-30) 

and  for  the  magnetic  dipole 

Mm(llU)  =  m  fht  [9^  *z  +  9s  Sz  +  9R  Rz]  1  (IV-31) 


where  e  is  the  electric  charge,  g.  and  g  are  the  orbital 

P  X/  D 

and  spin  g-factors,  gR  is  the  core  g-factor  taken  to  be  Z/A 
and  Rq  is  the  nuclear  radius,  Rq  =  1.18  A^"  fm. 

The  results  of  the  reduced  transition  probabilities  and 
the  moments  are  given  as  follows  (Ch  67)  ' 


. 


1  ,  %  -  .  g  m 
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for  the  electric  quadrupole  transitions, 


B(E2) 
I  +  I  1 


=  (21 1 +1 ) 


E 


j  NR 
j  1  N 1  R1 


Aj  NR  I  ^  A  j  1 N '  R 1  I  1 


x  {r,i  (") '  '+J_R  /2j'+1  <j'  ||  Y  1 1  j  >  W(j  j  '  I  I  ' ;  2  R)  6  6 


NN1  RR 


+  ri2 1 [(*)RI  ^2R'+1  <N 1  R 1  II  b+  || NR>  +  (-)R  ‘/2R +T 


x  <N'R'||b  ||  NR>]  W  (R 1  R I  1  l ;  2  j  )  6^,6^}  2 


(IV. 32) 


where 


ni  ■  (eP-f)<r2>  ■  f  ( 


.e  - 


\  D  ; 
A2  }  R0 


^2 


3  /  ~h  U  y  p  2 
~  J2C  Ze  R° 


(IV. 33) 


for  the  magnetic  dipole  transitions, 


B(M1>  "  W  ^2I'+1)|  jj^lR  AjNRI  ^  Aj  1  NR 1  ‘ 


I  +  I 


x  {(-)|,+R'**'i/gJ+1)(2j,  +  1)  [gjl(-)j'+jl  >4  (2  +  1)  (22  +  1) 


w(j  ■  j  22;  1  i)  +  gs  J\  w(j  j  1  i  i;  12)] 


X 


. 


'l  (-)  p]  -  *+  (-)}  x  .  ^|||  ! 


r  .  i 
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x  W(j'j  I  '  I ;  1R)  &n,  +  gR(-)'+J+R  ^(R+l )  (2R+1 ) 
x  W(RR  I'l;  Ij)  &n,  6  j  j }  |  2  ,  (IV. 3*0 


where  U 


is  the  nuclear  magneton 


eti 

2Mc  ’ 


for  the  electric  quadrupole  moment, 


-  \  Ro2 

/ 1 (21+1)  (21-1) 

/  ( 1+1 ) (2 1+3) 

E 

j  NR 

Aj  NR  1  ^  Aj 

1  N  '  R '  1 

j 

'  N  1  R ' 

x 

(e„  -£>  Hl+j' 
P  A2 

R  * 

6m 

■  5RR'  /2j'+1 

<T  I|y2||J> 

x  W  ( j  j  1 

1 1 ; 2 R)  +  Z  ^  £(-) 

'-j  6 

j  j  ‘  6m‘ 

x  [(-)R' 

^2R'  +  1  < N 1 R 1  1 1 | | 

NR>  + 

(“)R  v^R+1 

x  <N 1  R 1  lib  1 1  NR>  ]  W  ( RR '  I  I  ;2j) 


(IV. 35) 


setting  <r2>  equal  to  Rq  ; 
for  the  dipole  moment, 


yU;i)  =  yN  Z1^  ^  AJ 

j  1  N 1  R 1 


N  1  |  +  ]  ^  j  NR  I  (E)  A j  '  N '  R 1  I  (E* 


{90hi+j-r«nn,  «rr,  «jj.  «u,  'WrnmiT 


X 


. 
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x  W(RR  1 1 ;  1  j)  +  9l(-) 


x  A2J-  +  1 )  (2j  '  +  1 )  /H(U1)  (2U1)  W(j  j  ■  II  ;  1  R) 


x  W(U  j  j  ‘ ;  1  i  )  +  gs(-) 


£  +  £  +  R“  I  r  r-  o 

NN1  RR 1  U' 


X  I  >/(2j+1)(2j'  +  l)  W(jj  1  1 1  ;  1 R)  W(j  j  *  i  4  ;  U)  (IV. 36) 


The  wave  functions  obtained  by  the  d i agona 1 i zat ion  of  the 
total  Hamiltonian  have  been  used  to  calculate  the  reduced 
transition  probabilities  and  nuclear  moments.  A  computer  program 
CORPAR  (Ca  70)  was  used  in  the  present  calculations. 

(b)  Application  to  51V  and  53Mn 
(i)  Energy  levels 

In  the  present  calculation,  it  was  assumed  that  the  51V 
and  53Mn  nuclei  could  be  described  as  doubly  even  cores  ( N  =28) 
of  22  and  2A  protons,  respectively,  with  the  last  odd  protons 

occupying  the  1  f y_,  1  f _5_,  and  2p^  single  particle  states.  The 

2  2  2 

effective  spacing  parameters,  £i  88  fs  “  f _7  and  e2  =  P3.  “  f 7_  , 

2  2  2  2 

the  phonon  energy  Tioo,  and  the  coupling  parameter  £»  which  enter 
the  calculations,  are  considered  to  be  adjustable  parameters. 

The  best  fit  was  determined  by  comparison  with  all  the  available 
experimental  data. 

The  phonon  energy  "hu)  was  first  taken  from  the  energy  of 
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the  first  2  state  in  the  even  core  as  the  starting  value  and 
then  adjusted  to  within  a  reasonable  range  (Ca  71 )•  It  was 
found  that  the  parameters  were  best  adjusted  by  the  procedure 
suggested  by  Heyde  and  Brussaard  (He  67).  In  their  analysis 
of  various  odd-proton  nuclides,  they  found  a  systematic 
dependence  of  K  and  fiw  on  the  mass  number  A.  The  final  best 
value  of  "Rw  is  between  the  values  of  tiu)  of  the  two  neigh¬ 
bouring  even  isotones,  A  +_  1 .  In  intermediate  coupling,  the 
coupling  parameter  £  could  be  expected  in  a  neighbourhood  of 
£  -  3,  and  the  starting  value  of  the  effective  spacing  parameters 
ei  and  £2  are  taken  directly  from  the  spacings  of  the  two  lowest 
states  of  the  nucleus  itself.  The  number  of  phonons  is  assumed 
to  be  N  £  3* 

The  total  Hamiltonian  is  diagonalized  for  the  final  values 
of  the  £ i ,  e2 ,  and  £  for  each  I  ,  ^  £  I  <_  -y-  .  The  highest 

order  of  the  matrix  is  23  x  23  for  I  =  —  .  The  parameters  which 
give  the  best  fit  are  listed  in  table  9*  The  energy  eigenvalues 
were  plotted  as  a  function  of  the  coupling  parameter  in  Figs.  36 
and  37 ,  and  the  predicted  energy  spectra  were  compared  with  the 
experimental  and  other  theoretical  results  for  51V  and  53Mn  in 
Figs.  38  and  39*  In  general,  fairly  good  agreement  is  obtained 
between  the  experimental  and  the  theoretical  values  for  the 
energy  spectra. 

The  51V  nucleus  :  Fig.  38  is  a  comparison  of  the  experimental 
spectrum  of  51V  with  intermediate  coupling  and  other  theoretical 
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calculations,  i.e.,  the  mixed  configuration  by  Lips  and 
McEllistrem  (Li  70),  the  pure  configuration  shell  model  by 
McCullen  et_  aj_.  (Me  64),  and  the  strong  coupling  rotational 
model  by  Malik  and  Scholz  (Ma  66).  Table  10  lists  the 
expansion  coefficients  of  the  basic  states  for  five  energy 
levels  in  jlV.  The  experimental  levels  are  taken  from  the 
recent  48Ti  (a,py)  51V  reaction  by  Horoshko  et_  aj_.  (Ho  70). 

As  seen  in  Fig.  38,  the  intermediate  coupling  model  reproduces 
all  the  states  up  to  1.8  MeV  very  well,  and  also  shows  a 
better  agreement  with  the  experimental  levels  than  the  other 
theoretical  calculations. 

3 

The  experimental  level  at  2.409  MeV  (y  )  may  correspond 

3” 

to  the  calculated  level  —  near  2.5  MeV.  The  positive 

1+  3+ 

parity  states  with  spins  —  and  —  in  the  experimental  levels 
are  not  reproduced  by  the  intermediate  coupling  model,  and 
probably  are  assumed  to  be  proton  hole  states.  It  should  be 
noted  that  the  present  model  predicts  four  levels  with  spins 

1  ”  Q~  c~ 

Y  >  2  ’  T  anc^  2  between  1.8  MeV  and  2.5  MeV  which  are  not 
observed  experimentally.  The  predictions  of  this  model  for 
higher  excited  states  may  be  doubtful. 

The  53Mn  nucleus  :  Fig.  39  is  a  comparison  of  the  experi¬ 
mental  spectrum  of  53Mn  with  intermediate  coupling  and  other 
theoretical  calculations.  The  wave  functions  for  the  lowest 
five  levels  in  53Mn  are  listed  in  table  11.  The  experimental 


••  «  ,  • 


135 


Table  9 

Parameters  used  in  the  intermediate  coupling  calculations. 


£  1  =  f  5“  f 7 

e2  =  p  3" f  7 

1103 

Nucleus 

2  2 

(MeV) 

2  2 

(MeV) 

(MeV) 

S 

51 V 

0.020 

5.370 

1  .950 

3-072 

5  3Mn 

0.025 

5.200 

1.795 

3. 470 
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Fig.  36 


Plot  of  E  as  a  function  of  the  coupling  parameter 
£  for  51V. 
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Fig.  37 


Plot  of  E  as  a  function  of  the  coupling  parameter 
£  for  53Mn. 
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Expansion  coefficients  corresponding  to  states  | E (MeV) ;  17T>  of  51V. 


Basic  states 
|  NR;  j> 

|  0;  T  > 

1 0.320;  f  > 

1 0.930;  ?> 

11  - 

| 1 • 609 ;  2  > 

| 1 .81 3;  2 

|  00 

£ 

0.7679 

1  12 

T> 

-0.5100 

0.2363 

0.7169 

0.7760 

0.7560 

|  20 

y> 

0.1700 

|  22 

Y> 

-0.0190 

0.0040 

-0.4056 

-0.2549 

0.3103 

|24 

Y  > 

0.1603 

-0.1466 

-0.1802 

-0.4229 

-0.4610 

|  30 

7 

Y  > 

-0.0155 

0.0107 

|  32 

7 

2  > 

-0.073^ 

0.0298 

0.1387 

0.1303 

0.1206 

|  33 

7 

Y  > 

-0.0049 

-0.0020 

-0.0796 

0.0337 

-0.0420 

|34 

7 

2  > 

-0.0204 

0.0136 

0.0720 

0.0351 

-0.0860 

|  36 

7 

2  > 

-0.0272 

0.0317 

0.1418 

1  00 

5 

2  > 

0.7950 

1 12 

5 

2  > 

-0.1559 

0.4898 

0.2282 

-0.0746 

1  20 

f  > 

0.1380 

|  22 

r> 

-0.0874 

-0. 1002 

0.1510 

| 2b 

f  > 

0.1000 

0.0824 

-0.0928 

-0. 1695 

-0.0982 

1  30 

F> 

0.0107 

|  32 

r> 

-0.0204 

-0.0525 

0.0435 

-0.0120 

1  33 

-0.0078 

0.0001 

-0.041 1 

0.0066 

-0.0287 

I  34 

-0.0099 

0.0148 

0.0437 

0.0179 

-0.0595 

1  36 

i> 

-0.0201 

0.1147 

0.0694 

|  00 

i> 

0.3340 

1  12 

0.1881 

-0.0916 

-0.1689 

|  20 

i> 

0.1769 

|  22 

3 

T> 

-0.1142 

0.0425 

0.0541 

1  24 

3 

Y  > 

-0.0479 

0.0349 

0.2395 

0.1303 

|  30 

3 

Y  > 

-0.0681 

1  32 

3 

Y  > 

0.0376 

-0.0156 

-0.0570 

1  33 

4> 

0.0251 

-0.0136 

0.0019 

-0.1050 

1  34 

T> 

0.0194 

-0.0157 

-0.1113 

-0.0317 

1  36 

T> 

-0.0503 

-0.0230 

- 
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Table  1 1 


Expansion  coefficients  corresponding  to  states  |E(MeV);  lTT>  of  33Mn. 


Basic  states 
|  NR;  j> 

lo;  f> 

10.378;  §■' > 

| 1.288;  f"> 

|  1  .440; 

1 1.619;  f 

1 00 ;  i  > 

0.7294 

!  12;  \  > 

-0.5313 

0.2535 

0.6958 

0.7498 

0.7288 

1 20 ;  \  > 

0. 1963 

1 22 ;  1  > 

>0.0187 

0.0017 

-0.4179 

-0.2663 

0.3217 

|24;  \  > 

0. 1839 

-0.1718 

-0.1998 

-0.4374 

-0.4767 

1 30 ;  \  > 

-0.0197 

0.0131 

1 32 ;  \  > 

-0.0908 

0.0378 

0.1539 

0.1434 

0.1328 

1 33 ;  \  > 

-0.0054 

-0.0036 

-0.0877 

0.0367 

-0.0467 

134;  1  > 

-0.0256 

0.0181 

0.0828 

0.0401 

-0.0935 

1 36 ;  T  > 

-0.0349 

0.0410 

0.1561 

0.1 531* 

|00;  f  > 

O.76OI 

|12;  |  > 

-0.1569 

-0.5104 

0.2155 

-0.0753 

|20;  |  > 

0.1608 

|22 ;  f  > 

0.0025 

-0.0998 

-0.0963 

0.1563 

|24;  f  > 

0.1104 

0.0923 

-0.0997 

-0.1724 

-0.0996 

130;  f  > 

0.0131 

[32 ;  |  > 

-0.0246 

-0.0661 

0.0474 

-0.01 38 

133;  1  > 

-0.0098 

-0.0429 

0.0067 

-0.0312 

134;  |  > 

-0.0128 

0.0186 

0.0490 

0.0206 

-0.0650 

|36;  |  > 

-0.0246 

0.1249 

0.0764 

|00 ;  f  > 

0.3289 

1 1 2 ;  |  > 

0.2006 

-0.0999 

-0.1833 

I20;  |  > 

0.1893 

|22;  |  > 

-0.1304 

0.0492 

0.0588 

|24;  -f  > 

-0.0571 

0.0429 

0.2521 

0.1392 

I30;  |  > 

-0.0744 

|32;  f  > 

0.0469 

-0.0203 

-0.0654 

133;  1  > 

0.0306 

-0.0167 

0.0020 

-0.1162 

134;  |  > 

0.0240 

-0.0198 

-0.1231 

-0.0345 

136 ;  f  > 

-0.0563 

-0.0261 
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Fig.  38  Comparison  of  energy  levels  of  51V  predicted  from 
the  intermediate-coupling  calculations  with 
experimental  spectra,  along  with  other  predictions. 
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Fig.  39  Comparison  of  energy  levels  of  53Mn  predicted  from 
the  intermediate-coupling  calculations  with 
experimental  spectra,  along  with  other  predictions. 
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levels  are  taken  from  the  present  (p,nY)  reaction.  As  seen  in 
Fig*  39 »  fairly  good  agreement  is  obtained  between  the  experi¬ 
mental  and  theoretical  energies  in  the  first  four  excited 
states  and  in  the  higher  excited  states  up  to  3  MeV,  the  model 
predictions  of  spins  and  energies  are  also  reasonably  good. 

The  figure  also  shows  that  the  intermediate  coupling  is  in 
much  better  agreement  with  the  experimental  data  than  any  other 
theoretical  calculations  available. 

In  the  lower  region,  however,  the  model  predicts  a  level 

3~ 

—  at  a  lower  position  than  the  observed  level  at  1.288  MeV 
3~ 

with  spin  y  ,  which  might  be  a  single-particle  state.  The 

7”  3” 

predicted  levels  with  spins,  y  near  1.8  MeV,  y  near  2.4  MeV, 

Y  near  2.57  MeV,  near  2.7  MeV,  ^  near  2.8  MeV  and  j-  near 

3.5  MeV  would  correspond  to  the  experimentally  observed  levels, 

2.272  MeV  ,  2.405  MeV  ,  2.572  MeV  ,  2.670  MeV  j  ,  2.687 
7~  3_ 

MeV  y  >ancl  2.876  MeV  ,  respectively.  It  should  also  be  noted 
that  a  level  with  spin  y  is  predicted  near  1.7  MeV  which  has 
not  been  observed  experimentally. 

(ii)  Electromagnetic  transitions  and  nuclear  moments 
The  transition  probability  T(OL)  of  gamma-ray  emission  is 
related  to  the  multipole  order  L,  the  gamma-ray  energy  E^,  and 
the  reduced  transition  probability  B(cJL).  Among  these  quantities, 
only  B(GL)  depends  on  the  details  of  the  nuclear  structure. 
Comparisons  of  the  calculated  reduced  transition  probability  and 
nuclear  moment  with  the  experimental  data  should,  therefore, 
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throw  further  light  on  the  validity  of  the  model. 

Calculations  were  performed  with  the  f ree-particle  gs  factor 
(gs  =  5.587)  and  the  free-proton  charge  (e^  =  e) .  In  the  present 
calculations,  it  was  found  that,  in  general,  the  results  of  the 
free  nucleon  values,  as  used  by  some  investigators  (Ch  67,  Ca  71), 

were  in  better  agreement  with  experiment  than  those  of  the 

,  /  proton  .  _  proton  eff  „  \ 

effective  values,  e.g.,  (g  rr  =  0.5  Q  K  ,  e  =  2e  ) . 

3  *  V3s  eff  3s  p  p 

However,  other  authors  (He  67,  Ba  70,  Be  71)  have  used  the 
effective  values  for  the  gs  factor  and  nucleon  charge  in  their 
intermediate  coupling  calculations  to  take  into  account  the 
effects  of  core  polarization.  Values  of  other  parameters  used 


in  the  calculations  are  g^  =  1,  gR  =  ^  ,  K  =  40  MeV  and  R0 
1  . 18  A3  fm. 


Reduced  transition  probabilities  :  The  reduced  transition 
probabilities,  B(E2)  and  B (M 1 ) ,  were  calculated  using  the  wave 
functions  obtained  above  by  diagonalizing  the  energy  matrices. 
These  results  and  available  experimental  data  are  compared  for 
51V  and  53Mn  in  tables  12  to  14. 

In  the  case  of  51V,  the  experimental  data  for  B(E2)  were 
taken  from  various  experiments  by  many  authors  as  listed  in 
table  12.  The  calculated  B(E2)  value  for  each  of  the  transitions 
of  the  first  and  second  excited  states  to  the  ground  state  is 
close  to  one  of  the  corresponding  experimental  data  listed  in 
table  12.  The  B ( E2 }  values  for  the  third  and  fourth  excited 
states  are  larger  than  the  experimental  values.  However,  for 
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the  transition  of  the  1.813  MeV  level  to  the  0.320  MeV  level, 
the  calculated  B(E2)  value  is  ten  times  smaller  than  the  value 
measured  by  Horoshko  et  al .  (Ho  70).  The  calculated  B (M 1 ) 
values  for  51V  are  compared  with  the  experimental  data  obtained 
by  Horoshko  et  al .  (Ho  70)  in  table  13*  The  agreement  with 
experimental  results  is,  in  most  cases,  not  good,  i .e.  the 
theoretical  values  are  much  larger  than  the  measured  ones. 

In  the  case  of  53Mn,  the  experimental  data  for  B(E2)  and 
B(M1)  listed  in  table  14  are  taken  from  the  present  (p,ny) 
experiment.  As  seen  in  table  14,  the  calculated  B(E2)  values 
for  all  the  transitions  listed  in  the  table  are  in  good 
agreement  with  the  experimental  results  within  error,  except 
for  the  2.405  MeV  level,  which  may  be  assumed  to  be  a  single¬ 
particle  state.  The  predicted  B  (M 1 )  values  are  also  in  good 
agreement  with  the  experimental  results  and  in  particular, 
for  the  2.687  MeV  level  the  calculated  value  of  18. 3  is 
in  excellent  agreement  with  the  exper imental, 1 7 . 5  (in  10  x 
n .m. 2)  . 

Nuclear  moments  :  The  results  of  the  present  calculations 
and  some  available  data,  along  with  other  predicted  values,  of 
the  nuclear  moments  for  the  ground  states  of  51V  and  53Mn  are 
s  hown  i  n  table  15* 

The  magnetic  dipole  mements  calculated  by  the  author  for 
both  51V  and  53Mn  are  in  good  agreement  with  the  experimental 
values.  According  to  the  recent  measurements  (Ch  67),  however, 


' 


*  >9' 


Reduced  transition  probabilities  B(t2)  in  51V  (in  I  02  x  e2  fm*4). 
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Reduced  transition  probabilities  B (M 1 )  in 
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the  most  reliable  value  for  the  electric  quadrupole  moment  of 
51V  seems  to  be  approximately  -0.05.  The  present  calculation 
gives  a  negative  sign  consistent  with  the  experimental  one, 
but  too  large  in  magnitude  for  the  electric  quadrupole  moment 
of  51V.  If  an  adjusting  procedure  for  the  K  value  (different 
from  40  MeV)  is  used  to  get  the  best  fit  to  the  experimental 
data,  the  situation  might  be  improved.  Unfortunately,  there 
is  no  experimental  data  available  for  the  electric  quadrupole 
moment  of  53Mn  to  compare  with  the  theoretical  calculation. 

(iii)  Lifetimes,  branching  ratios  and  mixing  ratios 

In  tables  16  and  17,  the  calculated  lifetimes,  branching 
and  mixing  ratios  for  51V  and  53Mn  are  compared  with  the 
available  experimental  data.  The  experimental  lifetime  data  of 
51V  is  available  only  for  the  first  excited  state.  The  value 
of  280  +50  ps  for  the  first  excited  state  of  51V  has  been 
obtained  with  a  pulsed-beam  technique  by  Shipley  et  al .  (Sh  69a). 
The  experimental  branching  and  mixing  ratios  in  51V  are  taken 
from  the  recent  48Ti (a,py) 51 V  reaction  by  Horoshko  et  al . 

(Ho  70)  . 

As  seen  in  table  16,  the  model  predictions  in  51V  are,  in 
general,  in  good  agreement  with  the  experimental  measurements. 
Especially  the  predicted  branching  and  mixing  ratios  for  tran¬ 
sitions  of  the  0.930  MeV  level  and  the  mixing  ratio  for  the 
2.409  0.320  transition  are  in  excellent  agreement  with  the 

measured  values.  However,  the  predicted  lifetime, t=  0.6  ps , 
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Table  16 

Lifetimes,  branching  ratios  and  mixing  ratios  in  51V. 


/ 


(ps) 

T  rans i t i on 

Branch i ng 

rat  i  0 

Mixing  ratio 

State 

T 

(MeV) 

(%) 

l«l 

(MeV) 

Exp . 

1  n  t . 

h  'f 

Exp . 

1  nt . 

Exp . 

1  nt . 

Coupl . 

Coupl . 

Coupl . 

0.320 

280  ±50 
(Sh  69) 

0.60 

0.320  0 

100 

100 

-0  32+0-30 
-0.57 

0.01  1 

0.930  0 

86 

87.3 

-8.8!!'1 

0.930 

3-1 

0.930  0.320 

14 

12.7 

0.34 

-0.33t§;iJ 

1  .609 

0.30 

1.609  0 

100 

100 

1  .813 

0.079 

1 . 81 3  0 

75 

99.8 

+3.75+0-76 
*  -0.58 

0.88 

0 

CM 

CO 

• 

0 

CO 

CO 

• 

25 

0.20 

2.409  0 

19 

0.5 

2.409 

0.038 

2.409  0.320 

81 

99.5 

-0.36  ±  0.1  5 

0.40 

. 


151 


Table  17 


Lifetimes,  branching  ratios  and  mixing  ratios  in  53Mn. 


State 

t(ps) 

T  rans i t i on 
(MeV) 

Branching  ratio 
(%) 

Mixing  rat i o 

Ml 

(MeV) 

Exp . 

1  nt . 
Coupl . 

1  . 
i 

'f 

Exp. 

1  nt . 

Coup  1 . 

_  1  nt . 

*  Coup  1 . 

1  .288 

0 

57 

89.8 

1  .288 

>  0.19 

0.45 

1  .288 

0.378 

43 

10.2 

1  .440 

°  21+0.31 
-0.10 

0.38 

1  .440 

0 

100 

100 

+1.5 
"3-2-0. 5 

1  .619 

+1.0 

0,29-0.2 

0.10 

1.619 

0 

90 

99.8 

0.86 

.+0.1 

"0,6-0.2 

1  .619 

0.378 

10 

0.2 

2.405 

0 

32 

0.23 

2.405 

0.12+0-14 

-0.05 

0.03 

2.405 

0.378 

1 1 

85.63 

2.405 

1.288 

57 

14.14 

2.687 

0 

52 

46.6 

-°-<o:2i  °-39 

2.687 

0  072+0-05 

7  -0.03 

0.06 

2.687 

0.378 

26 

45.6 

2.687 

1 .288 

22 

7-8 
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for  the  first  excited  state  turns  out  to  be  much  smaller  than 
the  experimentally  observed  value. 

Experimental  data  for  53Mn  listed  in  table  17  are  taken 
from  the  present  (p,ny)  reaction.  Fairly  good  agreement  between 
the  predicted  and  measured  lifetimes  of  53Mn  is  obtained,  as  seen 
in  table  17.  The  predicted  branching  ratios  are  found  to  be 
consistent  with  the  experimental  values  qualitatively,  except 
for  the  2.405  MeV  state  transitions.  The  calculated  mixing 
ratio  for  the  2.687  0  MeV  transition  is  shown  to  be  in  very 

good  agreement  with  the  measured  values.  It  should  be  noted 
that  for  the  transition  of  the  1.619  MeV  state  to  the  ground 
state,  the  predicted  mixing  ratio  of  0.86  prefers  the  experi¬ 
mental  value,  -0.62+°'?;. 

’  -0.2 

(c)  Concluding  remarks 

The  above  results  indicate  that  the  intermediate-coupling 
vibrational  model  provides  a  good  description  of  the  properties 
of  low-lying  states  in  51V  and  53Mn.  The  vibrational  character 
of  these  nuclei  has  been  suggested  from  the  Coulomb  excitation 
experiments  (Ri  62)  and  the  (d,n)  reactions  (Ok  67);  this 
partly  supports  the  validity  of  a  description  in  terms  of  a 
single  particle  coupled  to  a  vibrational  even-even  core,  as 
considered  in  the  present  calculations. 

The  model  reproduces  well  the  energy  spectra  of  the  first 
four  excited  states  and  even  those  of  higher  excited  states  up 
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to  2.9  MeV  in  53Mn.  However,  the  model  predictions  of  higher 
levels  in  51V  may  be  somewhat  doubtful  and  the  experimentally 
observed  level  with  a  spin  of  could  not  be  predicted  by 

the  model.  This  may  be  because  several  other  modes  of  excita¬ 
tions  which  might  become  dominant  for  higher  excitation  energies 
were  neglected  in  the  present  calculation,  as  previously  pointed 
out  (Ba  70).  The  model  reproduces  the  observed  magnetic 
moments  in  51V  and  53Mn,  but  the  predicted  values  for  the 
electric  quadrupole  moments  are  too  large. 

To  make  some  comments  on  the  parameters  used  in  the  calcu¬ 
lations,  the  phonon  energies,  tia)  ,  are  found  to  be  close  to  the 
first  2+  state  energies  of  the  corresponding  cores.  The 
coupling  parameters  (table  9)  of  51V  and  53Mn  corresponding  to 
the  best  fit  of  the  experimental  data  lie  in  the  usual 
intermediate-coupling  region  1  <_  £  <_  4  . 

The  larger  value  of  £  in  53Mn  compared  to  51V,  seems  to 
exhibit  a  linear  dependence  of  £  on  the  mass  number  A  in  this 
region,  as  observed  in  the  large  mass  region  121  <_  A  <_  149,  by 
Heyde  and  Brussaard  (He  67).  The  coupling  strength  tends  toward 
weak  coupling  as  the  mass  number  decreases  in  this  mass  region, 
since  a  small  coupling  parameter  arises  from  a  small  equilibrium 
deformation  of  the  nucleus  (Br  70). 

The  validity  of  including  states  of  up  to  only  three  phonons 
in  the  present  calculations  may  be  estimated  by  examining  whether 
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or  not  the  squares  of  the  expansion  coefficients  corresponding 
to  the  highest  phonon  states  should  be  negligible  compared  to 
unity.  From  tables  10  and  11,  the  squares  are  nearly  negligible 
compared  to  unity,  indicating  the  above  condition  to  be  satisfied. 

As  seen  in  tables  10  and  11,  the  ground  and  first  excited 
states  of  51V  and  53Mn  considered  here  are  highly  pure:  in  both 

nuclei,  about  $0%  of  f admixtures  for  the  ground  states,  about 

2 

90 %  of  f_^  admixtures  for  the  first  excited  states,  and  about  75% 

2 

of  f_7  admixtures  for  the  second  excited  states. 

2 

In  order  to  characterize  the  shape  of  the  nucleus,  the 
customary  parameters  3  and  y  are  used,  where  3  measures  the 
quadrupole  deformation  and  y  measures  the  degree  of  departure 
from  the  symmetry  axis  condition.  The  experimental  value  of 
the  quadrupole  deformation  3  is  obtained  from  the  observed  B(E2) 
for  excitation  of  the  first  2+  state  using  the  following 
formula  (St  60)  : 


3 


2  =  B(E2,  0+2) 

[3  Ze  R2  ]: 
lAtt  o  J 


(IV. 37) 


For  rotational  nuclei,  this  formula  gives,  in  first  approximation, 
the  value  for  the  equilibrium  deformation,  3q>  and  for  vibrational 
nuclei,  it  gives  the  root-mean-square  deformation,  3  » 

ground  state  (St  60) . 


in  the 


■*-V ' 
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In  the  vibrational  model,  the  root-mean-square  deformation, 
$rms »  is  given  by  (He  67,  Br  60) 


r  X 

(  f  -R  )2  (BC)  4 


(IV. 38) 


in  terms  of  the  intermediate-coupling  parameters. 

The  calculated  values  of  6  ,  0.265  for  51V  and  0.276  for 

^rms’ 

j3Mn,  are  in  the  range  of  the  experimental  values  (Ri  62) 
(typically  0.26  for  51V  and  52Cr) .  This  suggests  that  the 
parameters  determined  in  the  present  calculations  fall  in  the 
correct  range. 

It  is  concluded  that  the  intermediate-coupling  vibrational 
model  is  quite  satisfactory  in  describing  the  properties  of  the 
low-lying  levels  in  51V  and  53Mn.  From  the  aspect  of  results 
of  the  model  predictions  and  values  of  the  coupling  and  deforma¬ 
tion  parameters  obtained  in  the  present  calculations,  it  appears 
that  the  intermediate-coupling  character  becomes  better  estab¬ 
lished  as  mass  number  A  increases  in  this  mass  region. 
Consequently  the  weak-coup 1 i ng  core  excitation  model  of  de-Shalit 
(Sh  61)  seems  to  be  more  appropriate  for  the  low-lying  levels  of 
51V,  as  has  been  suggested  from  the  Coulomb  excitation  experiment 
by  Ritter  et  al.  (Ri  62). 
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CHAPTER  V 


CONCLUSIONS 

From  the  analysis  of  the  gamma-ray  angular  distributions 
and  yield  curves  (Chapter  ll),  the  spins  of  the  low-lying 
excited  states,  up  to  3  MeV  excitation  energy  in  53Mn  have  been 
determined,  based  on  the  compound  nuclear  statistical  model. 

The  gamma-ray  decay  scheme,  the  branching  and  mixing  ratios  of 
the  gamma-ray  transitions  have  been  also  obtained.  In  the 
present  experiment,  the  2.84  MeV  level  in  53Mn  which  was 
suggested  in  the  (p,y)  work  by  Maripuu  (Ma  70)  was  not  found. 

The  spins  of  the  2.272  and  2.687  MeV  levels  assigned  as  —■ 
from  the  present  work  were  in  disagreement  with  the  (p,y) 
results  (Ma  70),  J  =  j-  for  both  levels. 

In  the  lifetime  measurements  (Chapter  III),  lifetimes  of 
nine  excited  states  in  53Mn  have  been  measured.  The  reduced 
transition  probabilities,  B (M 1 )  and  B(E2),  were  derived  from 
the  measured  lifetimes,  mixing  and  branching  ratios  and  compared 
with  the  other  available  theoretical  values.  The  present 
lifetime  values  are  found  to  be  consistent  with  other  experiments 
and  to  be  in  good  agreement  with  the  intermediate-coupling 
pred i ct ions . 

The  Nilsson  model  calculations  (Chapter  IV)  have  been 
carried  out  for  the  energy  levels  of  53Mn  without  taking  band 
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mixing  into  consideration  and  the  results  were  compared  with 
the  band  mixing  calculations  of  Malik  and  Scholz.  It  is  found 
that  the  predictions  in  both  cases,  in  general,  are  not 
satisfactory  to  describe  the  properties  of  the  low-lying 
levels  in  53Mn,  although  a  few  energy  levels  in  the  low-lying 
states  are  reproduced. 

The  intermediate-coupling  in  the  unified  model  (Chapter  IV) 

5  3 

has  been  applied  to  51V  and  53Mn.  Mn  would  be  expected  to 

25  28 

51 

show  similar  behavior  to  that  of  V  ,  the  "equivalent" 

23  28  M 

nucleus,  since  from  the  point  of  view  of  the  jj  coupling  shell 

3  -  3 

model,  the  (lf7_)  and  ( 1  f 7_  )  configurations  should  be 

2  2 

equivalent.  The  model  gives  a  reasonably  good  description  of 
the  low  energy  properties  of  the  nuclei.  From  the  energy  spectra, 
lifetimes,  branching  and  mixing  ratios  predicted  for  these  nuclei, 
it  is  apparent  that  fairly  good  agreement  does  exist  between 
theory  and  experiment.  It  is  concluded  that  the  intermediate¬ 
coupling  character  is  better  established  for  53Mn  than  51V, 
while  the  weak-coup 1 i ng  core  excitation  model  of  de-Shalit  (Sh  61) 
seems  to  be  more  appropriate  for  51V. 

Measurements  of  the  electric  quadrupole  moment  of  53Mn  and 
more  detailed  information  on  the  excited  states  are  desired  to 
test  the  nuclear  models  properly. 


. 


. 
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